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PREFACE 

The  "Biological  Effects  of  Radiation"  constitutes  a  collective  con- 
tribution that  has  been  developed  as  a  by-product  from  one  of  the 
activities  of  a  committee  now  known  as  the  Committee  on  Radiation,  in 
the  Division  of  Biology  and  Agriculture,  National  Research  Council. 
In  April,  1928,  a  group  of  investigators  presented  to  the  Division  a  sug- 
gestive program  for  the  encouragement  and  promotion  of  investigations 
on  the  "Effects  of  Radiation  on  Organisms"  and  a  request  for  assistance 
in  securing  the  necessary  funds  with  which  to  maintain  grants  stimulating 
research  in  this  field.  Approving  action  was  taken,  and  a  committee 
was  promptly  named.  The  activities  of  this  committee,  under  the 
chairmanship  of  Dr.  W.  C.  Curtis,  1928-1934,  have  been  fully  developed 
in  his  "Cumulative  Report/'  as  well  as  in  annual  reports,  to  the  Division. 

For  the  purpose  of  clarifying  the  scope  of  interest  and  for  the  integra- 
tion of  pertinent  information  relating  to  the  irradiation  of  organisms  and 
other  biological  materials,  there  was  organized  a  Subcommittee  on 
Survey.  This  subcommittee,  and  others  invited  to  participate  in  a 
discussion  of  radiation  problems,  met  in  Washington  in  March,  1930. 
Initially  this  subcommittee  was  constituted  of  four  groups  as  follows: 
Representing  genetics:  A.  F.  Blakeslee,  L.  J.  Stadler;  general  physiology: 
Janet  Howell  Clark,  Max  Elhs,  S.  0.  Mast;  animal  development:  E.  E. 
Just;  plant  physiology:  B.  M.  Duggar  (Chairman),  C.  Stuart  Gager, 
W.  W.  Garner,  H.  W.  Popp.  Each  group  proceeded  to  arrange  for  a 
conference-discussion  of  interested  individuals,  each  group  bringing 
together  a  score  or  more  of  persons  (investigators  and  representatives  of 
certain  apparatus  manufacturers)  for  participation  in  its  colloquium. 
The  expense  of  these  meetings  was  met  through  the  generosity  of  the 
General  Electric  X-ray  Corporation,  of  the  General  Electric,  Cooper- 
Hewitt,  Westinghouse,  and  Burdick  companies,  and  of  the  National 
Research  Council.  Aside  from  the  stimulative  and  informative  value  of 
the  conferences  held,  the  chief  result,  eventually,  was  the  determination 
to  bring  together  in  the  form  of  a  Survey  a  collation  of  the  available 
material — theoretical,  factual,  and  methodological.  Such  material 
should  adequately  represent  the  present  status  of  scientific  knowledge  in 
as  many  as  practicable  of  the  aspects  of  radiation  in  relation  to  biological 
problems. 

Accordingly  the  subcommittee  was  reorganized  to  include  those 
persons  who  were  selected  and  who  were  willing  to  assist  the  editor  by 
assuming  certain  responsibilities  in  relation  to  the  contributions  to  be 
requested  in  the  five  major  aspects  of  the  Survey  as  planned;  that  is, 
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physics,  photochemistry,  certain  biological  products,  zoology,  and 
botany.  In  short,  the  representatives  of  these  fields  served  both  as  an 
editorial  board  and  as  a  publication  committee  (see  list  of  editorial  col- 
laborators, page  ii).  It  is  obvious  that  those  aspects  of  physical  and 
biological  sciences  embracing  the  relations  of  biological  materials,  physi- 
ological processes,  and  the  responses  of  organisms  to  radiation  are  far 
too  vast  for  detailed  review  in  any  single  work.  It  is,  however,  indispens- 
able to  the  effective  work  of  the  biologist  that  a  careful  selection  of  this 
material  should  be  so  organized  and  presented  that  an  adequately  com- 
prehensive view  of  the  whole  may  be  obtainable  with  a  minimum  of 
time  and  labor.  A  complete  bibliography  alone  would  be  an  extensive 
undertaking,  and  this  could  have  none  of  the  qualities  of  factual  presenta- 
tion, critical  analysis,  and  systematization  of  method  that  are  required 
for  better  orientation  of  the  research  or  teaching  biologist,  the  interested 
physicist  or  photochemist,  and  the  qualified  general  reader. 

This  Survey  purposely  excludes  to  a  large  extent  practical  considera- 
tions relating  to  plant  production.  Likewise  it  excludes  those  phases  of 
applied  radiology  which  are  generally  regarded  as  purely  clinical  or 
therapeutic ;  but  at  the  same  time  it  is  recognized  that  clinical  effects  are 
necessarily  more  clearly  analyzed  and  interpreted  through  the  avenue  of 
sound  experimental  findings,  while  the  reasonableness  of  therapeutic 
practice  is  logically  based  upon  facts  well  estabhshed  in  the  laboratory. 
On  the  other  hand,  the  applications  in  plant  science,  in  medicine,  and  in 
technology  have,  of  course,  notably  stimulated  research  and  enriched  the 
opportunities  for  fundamental  work.  Without  extending  too  far  the 
limits  of  this  work  it  was  not  possible  to  include  chapters  on  applied 
phases  of  absorption  spectroscopy,  emission  spectral  analyses  of  tissues, 
and  radiation  problems  relating  to  the  phenomenon  of  vision  in  higher 
animals  and  man. 

The  publication  of  this  book  has  been  made  possible  by  financial 
support  from  the  Committee  on  Radiation  through  contributions  received 
for  the  radiation  program  by  the  National  Research  Council  from  the 
General  Education  Board,  the  Rockefeller  Foundation,  and  the  Common- 
wealth Fund.  The  editor  wishes  particularly  to  express  his  thanks  to 
the  collaborating  editors — Drs.  Cole  and  Failla,  Daniels,  Clark,  Packard, 
and  Popp,  representing  the  five  primary  fields  of  interest  referred  to 
previously — for  their  indispensable  and  cooperative  assistance.  The 
two-score  of  contributors — authors  of  the  papers  included — have  earned 
our  gratitude  not  alone  for  their  contributions  but  also  for  their  sympa- 
thetic consideration  of  details  requisite  for  a  certain  harmonious  treat- 
ment of  the  whole. 

Madison,  Wis.,  B.  M.  Duggar,  Editor 

March,  1936. 


CONTENTS 

Paoe 

Preface   v 

Paper 

I.  Photons  and  Electrons 1 

Karl  K.  Darrow,  Research  Physicist,  Bell  Telephone  Laboratories, 
New  York  City 

II.  Measurement  of  X-rays  and  Radium 43 

Lauriston    S.    Taylor,    Associate    Physicist,    National    Bureau    of 
Standards.  Washington,  D.C. 

III.  Ionization   and  Its  Bearing  on  the   Biological  Effects  of 

Radiation 87 

G.  Failla.  Physicist,  Memorial  Hospital,  New  York  City 

IV.  Measurement  and  Application  of  Visible  and  Near-visible 

Radiation 123 

F.  S.  Brackett,  Consulting  Physicist,  Smithsonian  Institution, 
Washington,  D.C. 

V.  The  Intensity  of  Solar  Radiation  as  Received  at  the  Surface 
OF  the  Earth  and  Its  Variations  with  Latitude,  Altitude, 

THE  Season  OF  THE  Year  AND  THE  Time  OF  Day 211 

Herbert  H.  Kimball,  Research  Associate,  Blue  Hill  Meteorological 

Observatory  of  Harvard  University,  Washington,  D.C. 

Irving  F.  Hand,  Meteorologist,  U.S.  Weather  Bureau,  Washington, 

D.C. 

VI.  Statistical  Treatment  of  Biological  Problems  in  Irradiation     227 
Lowell  J.  Reed,  Professor  of  Biostatistics,  The  Johns  Hopkins  Uni- 
versity, Baltimore 

VII.  Photochemistry * 253 

Farrington  Daniels,  Professor  of  Chemistry,  University  of  Wisconsin, 
Madison 

VIII.  The  Effect  of  Radiation  on  Proteins 303 

Janel  Howell  Clark,  Associate  Professor  of  Physiology,  School  of 
Hygiene  and  PubUc  Health,  The  Johns  Hopkins  University, 
Baltimore 

IX.  Radiation  and  the  Vitamins 323 

Charles  E.  Bills,  Research  Director,  Mead  Johnson  and  Company, 
Evansville,  Indiana 

vii 


viii  CONTENTS 

Paper  Page 

X.  The  Effects  of  Irradiation  on  Venoms,  Toxins,  Antibodies, 

AND  Related  Substances 341 

S.    C.    Brooks,    Professor    of    Zoology,    University    of    California, 
Berkeley 

XI.  The  Effects  of  Radium  and  X-rays  on  Embryonic  Develop- 
ment     389 

Elmer  G.   Butler,  Associate  Professor  of  Biology,  Princeton  Uni- 
versity, Princeton 

XII.  Effects  of  X-rays  and  Radium  upon  Regeneration 411 

W.  C.  Curtis,  Professor  of  Zoology,  University  of  Missouri,  Columbia 

XIII.  The  Biological  Effectiveness  of  X-ray  Wave-lengths.    .    .    .      459 
Charles  Packard,  Assistant  Professor  of  Zoology,  Institute  of  Cancer 
Research,  Columbia  University,  New  York  City 

XIV.  The   Physiological  Effects  of  Radiation   upon  Organ  and 

Body  Systems 473 

Stafford  L.  Warren,  M.D.,  Associate  Professor  of  Medicine  in  charge 

of  Division  of  Radiology,  University  of  Rochester,  School  of  Medi- 
cine and  Dentistry,  Strong  Memorial  Hospital,  Rochester 

XV.  Short  Electric  Wave  Radiation  in  Biology 541 

G.  Murray  McKinley,  Instructor  in  Zoology,  University  of  Pitts- 
burgh, Pittsburgh 

XVI.  Biological  Effects  of  Alpha  Particles 559 

R.  E.  Zirkle,  Fellow  in  Medical  Physics,  Johnson  Foundation, 
University  of  Pennsylvania,  Philadelphia 

XVII.   Motor  Responses  to  Light  in  the  Invertebrate  Animals   .    .      573 
S.  0.  Mast,  Professor  of  Zoology  in  charge  of  General  Physiology, 
The  .lohns  Hopkins  University,  Baltimore 

XVIII.  The  Action  of  Radiations  on  Living  Protoplasm 625 

L.    V.   Heilhrunn,   Associate   Professor  of  Zoology,   University  of 

Pennsylvania,  Philadelphia 

Daniel  Mazia,  Department  of  Zoology,  University  of  Pennsylvania, 

Philadelphia 

XIX.  Photoperiodism 677 

W.  W.  Garner,  Principal  Physiologist  in  charge  of  Tobacco  and 
Plant  Nutrition,  Bureau  of  Plant  Industry,  U.S.  Department  of 
Agriculture,  Washington,  D.C. 

XX.  Plant  Growth  in  Continuous  Illumination 715 

John  M.  Arthur,  Biochemist,  Boyce  Thompson  Institute  for  Plant 
Research,  Inc.,  Yonkers,  N.Y. 

XXI.  The  Effects  OF  Light  Intensity  UPON  Seed  Plants 727 

Hardy  L.  Shirley,  Associate  Silviculturist,  Lake  States  Forest 
Experiment  Station,  University  Farm,  St.  Paul,  Minnesota 


CONTENTS  IX 

Paper  P^«^ 

XXII.  Effects  of  Different  Regions  of  the  Visible  Spectrum  upon 

Seed  Plants 763 

H.   W.  Popp,  Associate  Professor  of  Botany,  Pennsylvania  State 

College,  State  College 

F.  Brown,  Instructor  in  Botany,  Pennsylvania  State  College,  State 

College 

XXIII.  Effect  of  the  Visible  Spectrum  upon  the  Germination  of 

Seeds  and  Fruits 791 

William  Crocker,  Managing  Director,  Boyce  Thompson  Institute  for 
Plant  Research,  Inc.,  Yonkers,  N.Y. 

XXIV.  The  Effects  of  Visible  and  Ultra-violet  Radiation  on  the 

,  Histology  of  Plant  Tissues 829 

J.  T.  Buchholz,  Professor  of  Botany,  University  of  Illinois,  Urbana 

XXV.  Some  Infra-red  Effects  on  Green  Plants 841 

John  M.  Arthur  {see  Paper  XX) 

XXVI.  The  Effect  of  Ultra-violet  Radiation  upon  Seed  Plants   .    .      853 
H.  W.  Popp  and  F.  Brown  {see  Paper  XXII) 

XXVII.  The  Effects  OF  Radiation  on  Fungi 889 

Elizabeth  C.  Smith,  Research  Assistant,  University  of  Wisconsin, 
Madison 

XXVIII.  The  Problem  of  Mitogenetic  Rays   .        919 

Alexander    Hollaender,    Research    Associate     (under    auspices    of 
National  Research  Council),  University  of  Wisconsin,  Madison 

XXIX.  Effects  of  X-rays  upon  Green  Plants 961 

Edna  L.  Johnson,   Associate  Professor  of   Biology,   University  of 
Colorado,  Boulder 

XXX.  The  Effects  of  Radium  Rays  on  Plants 987 

C.  Stuart  Gager,  Director,  Brooklyn  Botanic  Garden,  Brooklyn 

XXXI.  The  Light  Factor  in  Photosynthesis 1015 

H.  A.  Spoehr,  Chairman,  Division  of  Plant  IMology,  Carnegie  Insti- 
tution of  Washington,  Stanford  University,  California 
J.  H.  C.  Smith,  Staff  Member,  Division  of  Plant  Biology,  Carnegie 
Institution  of  Washington,  Stanford  University,  California 

XXXII.  The  Influence  of  Radiation  on  Plant  Respiration  and  Fer- 
mentation  1059 

Charles  J.  Lyon,  Professor  of  Botany,  Dartmouth  College,  Hanover, 
N.H. 

XXXIII.  Growth  Movements  IN  Relation  TO  R.\diation 1073 

Earl  S.  Johnston,  Assistant  Director,   Division  of  Radiation  and 
Organisms,  Smithsonian  Institution,  Washington,  D.C. 


X  CONTENTS 

Paper  P^o^ 

XXXIV.  Chlorophyll  and  Chlorophyll  Development  in  Relation  to 

Radiation 1093 

O.  L.   Inman,   Director,   Kettering  Foundation  for  the  Study  of 

Chlorophyll  and  Photosynthesis,  Antioch  College,  Yellow  Springs, 

Ohio 

Paul  Rothemund,  Research  Chemist,  Kettering  Foundation  for 

the  Study  of  Chlorophyll  and   Photosynthesis,   Antioch  College, 

Yellow  Springs,  Ohio 

C.  F.  Kettering,  Director  of  Research,  General  Motors  Corporation 

XXXV.  Radiation  and  Anthocyanin  Pigments 1109 

John  M.  Arthur  (see  Paper  XX) 

XXXVI.  Effects  OF  Radiation  on  Bacteria .1119 

B.  M.  Duggar,  Professor  of  Plant  Physiology  and  Applied  Botany, 
University  of  Wisconsin,  Madison 

XXXVII.  The  Effects  OF  Radiation  ON  Enzymes 1151 

Harold  A.  Schomer,  Fellow  in  Botany,  University  of  Wisconsin, 
Madison 

XXXVIII.  Induced  Chromosomal  Aberrations  IN  Animals 1167 

Theodosius  Dohzhansky,  Assistant  Professor  of  Genetics,  California 
Institute  of  Technology,  Pasadena  i 

XXXIX.  Radiation  and  the  Study  of  Mutation  in  Animals 1209 

Jack  Schultz,  Research  Assistant,  Carnegie  Institution  of  Washing- 
ton, California  Institute  of  Technology,  Pasadena 

XL.  Induced  Mutations  in  Plants 1263 

L.  J.  Stadler,  Senior  Geneticist,  Bureau  of  Plant  Industry,  U.S. 
Department  of  Agriculture,  and  Professor  of  Field  Crops,  Uni- 
versity of  Missouri  and  Agricultural  Experiment  Station,  Columbia 

XLI.  Induced  Chromosomal  Alterations 1281 

T.  H.  Goodspeed,  Professor  of  Botany  and  Director  Botanical 
Garden,  University  of  California,  Berkeley 

XLII.  Induced  Chromosomal  Alterations  IN  Maize 1297 

E.  G.  Anderson,  Department  of  Biology,  California  Institute  of 
Technology,  Pasadena 

XLIII.  Biological  Aspects  of  the  Quantum  Theory  of  Radiation 

Absorption  in  Tissues 1311 

John  W.  Gowen,  Associate  Member,  Department  of  Animal  and 
Plant  Pathology,  The  Rockefeller  Institute  for  Medical  Research, 
Princeton 

Subject  Index 1331 

Alphabetical  List  of  Contributors 1343 


PHOTONS  AND  ELECTRONS 

Karl  K.  D arrow 

Research  Physicist,  Bell  Telephone  LahoratorieSy  New  York 

Waves  and  Corpuscles.  Monochromatic  light  and  measurement  of  wave-length. 
External  photoelectric  effect  and  measurement  of  photon  energy.  Units  of  wave-length, 
wave  number,  frequency,  and  photon  energy.  Regions  of  the  spectrum.  Absorption  of 
light  by  atoms.  Continua  in  absorption  spectra,  and  ionization  by  light.  Theory  of 
absorption  lines.  Terms.  Absorption  in  X-ray  region.  Emission  of  light.  X-ray 
emission  spectra.  Production  of  X-rays.  Production  of  light  of  the  optical  spectrum. 
Scattering  of  light  without  change  of  frequency.  Scattering  of  light  with  change  of 
frequency.     Scattering  of  X-rays.     Transmutation  of  electron-pairs  and  photons. 

The  title  of  this  essay  may  appear  unduly  obscure  to  some  of  my 
readers  and  unduly  restrictive  to  others.  Though  it  is  now  more  than  a 
quarter  of  a  century  since  the  corpuscular  picture  of  light  made  its 
definitive  entry  into  physics  (in  a  somewhat  apologetic  but  quite  irresisti- 
ble paper  by  Einstein),  the  undulatory  picture  is  still  the  more  wide- 
spread, and  the  name  "photon"  for  the  corpuscle  of  light  seems  not  thus 
far  to  be  universally  familiar.  With  electricity,  the  situation  is  reversed; 
the  name  and  the  conception  of  the  elementary  particle  of  negative 
electricity  have  existed  since  before  this  century  began,  whereas  the 
corresponding  wave  conception  has  yet  to  complete  its  first  decade  as  a 
part  of  the  structure  of  science.  Physicists  themselves  have  not  greatly 
modified  their  usage;  even  the  most  modern  of  them  will  speak  of  the 
wave-length  of  a  beam  of  monochromatic  light  far  oftener  than  of  the 
energy  or  momentum  of  its  photons,  and  of  the  velocity  of  an  electron 
stream  far  oftener  than  of  its  wave-length.  Thus  in  speaking  of  "  photons 
and  electrons"  I  am  employing  a  relatively  familiar  conception  of  nega- 
tive electricity,  a  relatively  unfamiliar  conception  of  light;  and  I  am 
implying  that  the  properties  of  light  which  are  suitable  for  mention  in 
this  essay — because  they  are  connected  with  the  general  topic  of  this 
treatise — involve  the  interactions  of  light  with  negative  electricity 
and  that  the  corpuscular  picture  of  both  entities  is  the  more  fitted  for 
interpreting  them. 

No  reader  of  this  article  is  unaware  that  light  is  observed  only  by 
virtue  of  its  interactions  with  matter.  It  is  probably  not  so  widely 
known  that  all  of  these  interactions,  with  but  a  few  exceptions  (very 
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little  known  as  yet),  are  between  light  and  that  subtlest  variety  of  matter 
to  which  I  have  already  referred  under  the  name  of  "negative  electricity" 
or  "electrons."  To  the  best  of  our  knowledge  and  belief,  all  of  what  we 
normally  call  matter  consists  of  atoms,  each  of  which  consists  of  a  certain 
number  of  "orbital"  electrons  (varying  from  one  element  to  another) 
and  a  relatively  massive  "nucleus"  bearing  a  positive  charge  equal  in 
magnitude  and  opposite  in  sign  to  the  sum  of  the  negative  charges  of  the 
electrons.  With  the  nuclei,  light  has  no  transactions,  save  in  the  rare 
exceptional  cases  to  which  I  have  just  alluded.  Absorption  of  light — 
refraction,  dispersion,  scattering  of  light — excitation  of  one  kind  of  light 
by  another  kind — the  electrical,  the  thermal,  the  beneficent,  and  the 
injurious  effects  of  light,  on  inorganic  and  on  organic  matter — are  almost 
exclusively  due  to  transactions  between  hght  and  orbital  electrons. 
It  would,  of  course,  be  grossly  extravagant  to  pretend  that  all  of  these 
phenomena  are  fully  understood;  but  so  much  of  each  of  them  is  under- 
stood, that  the  foregoing  statement  may  be  made  as  confidently  as  any 
statement  in  physics  which  is  not  merely  a  description  of  an  actual 
observation. 

It  would  doubtless  be  suitable  at  this  point  to  define  the  word  "light," 
but  to  do  this  properly  would  be  a  formidable  task.  I  might  say  "light 
is  electromagnetic  radiation,"  but  this  is  rather  a  description  than  a 
definition — a  description  of  a  theory  of  light  which  is  verified  by  the 
phenomena  of  which  I  have  to  speak,  in  addition  to  a  number  of  others. 
To  say  that  "light  is  that  which  is  perceived  by  the  eye"  would  be  to 
commit  a  very  bad  anachronism,  since  this  definition  has  been  out  of 
date  for  physicists  for  134  years,  and  even  for  the  general  public  since 
the  term  "ultra-violet  light"  became  of  common  usage.  I  shall  evade 
the  issue  by  listing  the  various  special  terms  for  various  kinds  of  light 
which  the  general  name  includes:  visible  light,  ultra-violet  light,  infra- 
red light,  thermal  radiation  (now  a  rare  term,  superfluous  in  view  of  the 
present  use  of  "infra-red").  X-rays,  gamma  rays.  To  these  should  be 
added,  for  completeness,  Hertzian  or  "radio"  waves  and  (probably) 
some  cosmic  rays;  but  these  last  fall  outside  of  the  scope  of  this  treatise. 
These  diverse  forms  of  light  are  best  delimited  from  one  another  (though 
the  delimitation  has  little  importance)  by  citing  the  ranges  of  wave-length 
which  they  have;  but  inasmuch  as  the  corpuscular  picture  of  hght  is  to 
be  by  far  the  more  prominent  in  this  essay,  it  is  desirable  to  introduce  the 
brief  allusion  to  wave-lengths  by  saying  something  of  the  relations 
between  waves  and  corpuscles. 

Wave  theory  and  corpuscular  theory,  as  they  are  nowadays  imagined 
in  deahng  with  light  (and,  incidentally,  with  electricity  and  matter), 
are  not  antagonistic.  It  must  be  confessed  that  the  union  of  the  two 
conceptions  is  still  far  from  perfected,  but  at  least  much  progress  has 
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been  made  toward  achieving  it.  Probably  the  best  way  to  employ  the 
two  pictures  in  tandem  is  to  imagine  that  the  energy  and  momentum 
of  a  beam  of  light — its  substance,  insofar  as  light  has  any  substance — 
are  concentrated  in  diminutive  particles,  which  are  guided  in  their 
motion  by  impalpable  waves.  Whenever  we  wish  to  compute  how  a 
beam  of  light  is  going — how  it  is  to  be  refracted  in  passing  across,  e.g., 
a  boundary  between  air  and  glass,  how  it  is  to  be  partially  reflected  and 
partially  transmitted  in  encountering  a  thin  film  of  water,  how  it  is 
to  be  polarized  in  traversing  a  transparent  crystal,  how  it  is  to  be  focused 
by  a  lens,  how  it  is  to  be  diffracted  by  a  slit  or  by  a  grating — whenever 
we  wish  to  calculate  how  a  beam  of  light  is  going  to  be  affected  by  any 
of  these  adventures,  we  should  conceive  it  as  a  train  of  electromagnetic 
waves,  and  apply  the  electromagnetic  wave  theory  as  it  was  developed 
in  the  last  half  of  the  nineteenth  century  by  Maxwell  and  his  followers. 
This  theory  will  predict  that,  if  the  beam  of  light  falls  on  a  plate  of  glass, 
the  wave  motion  will  be  partially  refracted  and  partially  reflected; 
the  angle  of  refraction  will  conform  to  Snell's  famous  law  of  sines,  affected 
only  by  a  single  constant  characteristic  of  the  glass;  the  ratio  of  the 
amplitudes  of  the  transmitted  and  the  reflected  wave  trains  will  be 
determined  by  that  constant  and  by  the  thickness  and  the  backing  of  the 
glass  plate  and  by  the  angle  of  incidence.  Similarly  the  theory  will 
predict  that  if  the  beam  of  light  falls  on  a  diffraction  grating,  the  ampli- 
tude of  the  waves  proceeding  from  the  grating  will  vary  from  point 
to  point  in  space  in  a  remarkable  and  characteristic  way.  Having 
utilized  the  wave  theory  to  make  these  predictions  of  the  amplitude  of 
the  waves,  we  now  reintroduce  the  corpuscular  picture  by  assmning 
that  the  concentration  or  number  per  unit  volimie  of  the  corpuscles  at 
any  point  in  space  is  proportional  to  the  square  of  the  amplitude  of  the 
waves  which  w^e  have  just  computed  for  that  point. 

The  perfect  adaptation  of  wave  picture  and  corpuscle  picture  to  one 
another  is  by  no  means  easy  to  attain,  and  in  fact  it  has  never  been 
attained.  It  forms  a  large  part  of  the  difficult  and  incomplete  field  of 
theoretical  physics  known  as  "quantum  mechanics."  There  is,  however, 
no  great  difficulty  about  showing  that  the  adaptation  cannot  be  made 
without  assuming  certain  relations  between  wave-length  X  of  the  guiding 
waves  on  the  one  hand,  energy  E  and  momentum  p  of  the  guided  corpus- 
cles on  the  other  hand.  These  are  two  of  the  fundamental  relations  of 
Nature,  valid  for  matter  and  electricity  as  well  as  light.     They  are: 

P  =  ^  w 

A 
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Herein  h  stands  for  a  constant  which  must  have  the  same  value  in  both 
equations;  c  for  the  speed  of  the  waves;  and  v  for  the  quotient  of  wave 
speed  by  wave-length,  which  is  by  definition  the  frequency  of  the  waves. 
Nothing  in  the  theory  prescribes  the  values  of  h  and  c.  The  value  of  the 
former  is  found,  by  experiments  of  many  kinds  (some  of  which  I  shall 
later  describe),  to  be  this: 

h  =  6.55  •  10-"  erg/sec. 

with  an  uncertainty  of  less  than  two  units  in  the  third  significant  figure. 
It  is  known  as  Planck's  constant.  The  value  of  c  is  found,  by  experiments 
on  the  velocity  of  light  signals^  in  air  or  vacuum,  to  be  so  close  to  3  •  10^" 


that  this  simple  figure  is  quite  accurate  enough  for  most  purposes. 
Actually  the  value  in  vacuum  (to  which  alone  the  symbol  c  should  in 
strictness  be  applied)  is  given  as  2.99796  +  0.00004  cm./sec.  (times  lO^"). 

The  derivation  of  equation  {1)  is  so  interesting  in  itself,  and  in  its 
relation  to  a  famous  controversy  of  a  century  ago,  that  it  is  worthy  of 
retracing  here.  We  shall  interpret  one  of  the  simplest  of  optical  phe- 
nomena— the  refraction  of  a  ray  of  light  at  a  surface  of  discontinuity 
between  two  contrasting  media,  air  and  water,  for  example — by  the  wave 
picture  and  the  corpuscle  picture  in  succession. 

The  reasoning  from  the  wave  theory  is  usually  made  in  graphic  fashion 
by  showing  ''Huygens'  construction"  (Fig.  1)  which  should  remind  many 
a  reader  of  his  high-school  days!    This  is  a  very  crude  form  of  wave 

1  There  is  a  peculiar  and  difficult  point  in  this  connection.  What  is  measured  in 
such  experiments  is  not  the  wave  speed  but  a  thing  entirely  different  in  principle,  the 
so-called  "group  speed."  The  two  are  very  different  in  transparent  solid  or  liquid 
media  such  as  carbon  bisulphide,  but  in  a  medium  in  which  wave  speed  does  not  vary 
with  wave-length  they  should  be  the  same,  and  such  appears  to  be  the  case  in  the 
medium  which  we  know  as  empty  space.  I  have  developed  this  point  at  length  in 
pp.  28-30  of  an  article  "Elementary  Notions  of  Quantum  Mechanics"  in  Reviews  of 
Modern  Physics,  6,  January,  1934. 
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theory,  but  for  the  present  purpose  it  will  do.  Here  AA'  is  the  trace,  on 
the  plane  of  the  paper,  of  a  wave  front  moving  through  air  (say)  in  the 
direction  LM  toward  the  boundary  between  air  and  water.  It  is  the  trace 
of  the  wave  front  at  a  particular  moment,  say  ^;  at  a  later  moment, 
say  t',  the  front  has  moved  on  to  another  position,  BB'.  Denote  by  v  the 
speed  of  the  wave  front  in  air;  then  the  perpendicular  distance  between 
BB'  and  A  A'  is  equal  to  v{t'  -  t).  While  the  wave  is  advancing  through 
this  distance,  its  intersection  with  the  boundary  of  the  water  sweeps  over 
the  distance  AB,  which  we  shall  denote  by  D.  Designate  by  d  the  angle 
between  wave  front  and  boundary,  the  "angle  of  incidence."  From  the 
diagram  one  sees  immediately: 

.      .       v{t'  -  t) 
sm  6  =  J- — 

Now  in  Huygens'  view,  whenever  the  oncoming  wave  front  passed 
over  an  atom  in  the  boundary  surface,  it  incited  that  atom  to  emit  a 
"wavelet."  The  circles  drawn  around  various  points  on  the  line  AB  are 
the  traces  on  the  plane  of  the  paper,  of  halves  of  those  spherical  wavelets 
— the  halves  expanding  downward  into  the  water.  According  to  Huy- 
gens' principle  the  ongoing  wave  front  in  the  water  is  the  envelope  of 
these  spheres.  In  Fig.  1  they  and  the  ongoing  wave  front  are  represented 
for  the  moment  t'  when  the  wave  in  the  air  reaches  B.  The  radius  AC 
of  the  wavelet  expanding  from  A  is  then  the  distance  which  light  traverses 
in  water  during  time  {f  -  t),  for  that  wavelet  started  when  the  wave 
in  the  air  reached  A.  Denote  by  v'  the  speed  of  hght  in  water  and  by  d' 
the  angle  between  the  new  wave  front  and  the  boundary;  then  from  the 
diagram : 

•     .,       v'{t'  -  t) 
sm  d'  =  ~^-j^ — - 

combining  which  with  the  previous  equation,  we  get: 

sin  6        V 


sin  d'       v' 


(3) 


which  conforms  with  the  empirical  law  of  refraction  (Snell's  law)  in 
that  the  ratio  of  the  sines  of  d  and  d',  the  angle  of  incidence,  and  angle  of 
refraction  are  found  not  to  depend  on  either  angle. 

We  now  apply  the  corpuscle  picture.  The  line  LMN  of  Fig.  1  is  to 
be  redrawn  as  a  heavy  line,  and  those  at  right  angles  to  it  are  to  be  left 
out;  for  LMN,  one  of  the  "rays"  of  light,  is  now  to  be  interpreted  as  the 
path  of  a  corpuscle,  and  there  are  no  wave  fronts. 
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So  long  as  the  corpuscle  is  too  far  from  the  boundary  surface  to 
feel  any  force  from  the  water,  it  moves  in  a  straight  line  with  unchanging 
momentum;  for  the  forces  exerted  on  it  by  the  air,  being  equally  applied 
in  all  directions,  balance  one  another  out.  In  the  region  near  the 
boundary  this  remains  the  truth  for  the  components  of  force  parallel 

to  the  surface;  but  the  components  along  the  normal, 
applied  respectively  from  the  direction  toward  the 
air  and  the  direction  toward  the  water,  need  not  be 
perfectly  equal.  After  the  corpuscle  has  gone  through 
the  transition  region  and  reached  the  depths  of  the 
water,  it  continues  in  a  straight  line  with  a 
momentum  of  which  the  component  parallel  to  the 
boundary  is  still  the  same  as  it  was  in  the  air,  while 
the  normal  component  is  changed.  Denote  by  pt 
and  pn  these  two  components  of  the  original 
momentiun  of  the  particle  through  the  air;  by  p  the 
magnitude  of  their  resultant  which  is  the  magnitude 
of  the  original  momentum;  by  p[,  p'„,  and  p'  the 
corresponding  quantities  for  the  final  flight  of  the 
corpuscle  through  the  water.     From  Fig.  2  we  see: 


"in  d  -          ^' 

Vt 

am  \J    —         ,      - 

V  pf  +  V, 

V 

\  Pi  are  equal. 

sin  d       p' 

sin  6'        p 

sin  d'  = 


V' 


U) 


Putting  this  side  by  side  with  equation  (5),  we  notice  that  the  two  equa- 
tions may  be  rendered  compatible  with  one  another,  that  the  two  pictures 
may  be  interchanged  at  will,  provided  that  we  assume  that  the  momentum 
of  the  corpuscles  varies  inversely  as  the  speed  of  the  wave  fronts. 

Nothing  has  yet  been  said  about  wave-length  in  the  course  of  this 
argument,  and  for  a  very  good  reason:  in  Huygens'  construction  from 
which  equation  (5)  was  derived,  there  is  no  allusion  whatever  to  periodic 
vibration  or  undulatory  motion  or  any  sort  of  rhythm.  Indeed  when 
Huygens  drew  the  diagram  of  which  Fig.  1  is  essentially  a  remote  copy, 
he  meant  the  line  corresponding  to  A  A'  to  represent  what  we  should  now 
call  a  single  "pulse,"  and  while  he  said  that  one  should  suppose  many 
such  pulses  emerging  one  after  another  from  a  candle  flame,  he  empha- 
sized that  one  should  not  ( !)  suppose  them  following  one  another  at  equal 
intervals.  In  using  the  word  "wave  front"  I  have  been  implying  a  train 
of  regular  waves,  of  which  the  line  A  A' — or  rather,  the  plane  of  which  it 
is  the  trace — is  a  locus  of  constant  phase.     This  implication  was  foreign 
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to  Hiiygens'  mind,  but  it  is  essential  to  our  present  conception  of  mono- 
chromatic light,  and  to  the  explanation  of  the  many  and  variegated 
phenomena  of  diffraction. 

When  the  undulatory  theory  is  formulated  in  mathematical  language, ^ 
one  finds  that  the  progress  of  a  wave  front — in  the  sense  of  the  foregoing 
implication — across  a  refracting  surface  may  be  predicted  by  Huygens' 
construction.  The  wavelets  of  Fig.  1  acquire  new  attributes,  first 
imposed  on  them  by  Fresnel.  Huygens  in  effect  assumed  that  the 
amplitude  of  each  wavelet  is  zero  except  at  the  point  where  it  touches  the 
envelope  common  to  all.  In  the  undulatory  theory,  the  amplitude  of 
a  wavelet  varies  continuously  from  a  maximum  value  at  the  point  just 
defined  to  zero  at  the  point  diametrically  opposite  (the  wavelet  being 
a  full  sphere,  not  a  hemisphere  as  indicated  in  Fig.  1).  This  modification 
is  necessary  to  account  for  diffraction,  but  does  not  affect  the  case  of 
refraction  of  an  extended  wave  front.  We  may  continue  to  accept  equa- 
tion (3),  and  the  equation  obtained  by  comparing  (3)  and  (4): 

^  =  -,  (5) 

p         V 

where  now  v  and  v'  stand  for  the  wave  speed  of  the  train  of  monochromatic 
waves. 

The  final  step  is  taken  by  remembering  that  in  the  two  equations 
connecting  wave  speed,  frequency,  and  wave-length,  one  for  each  side  of 
the  bounding  surface, 

V  =  p\         v'  =  v'\' 

the  frequencies  v  and  v'  must  be  equal ;  for  it  is  of  the  nature  of  vibration, 
that  if  two  or  more  continuous  media  are  in  continuous  oscillation,  the 
frequency  (or  frequencies)  of  that  oscillation  must  be  the  same  throughout 
the  entire  system,  as  otherwise  the  media  could  not  remain  in  contact. 
Accordingly  we  write  in  place  of  {5) : 

'P'         ^  (R\ 


which  amounts  to  writing 


V  = 


const. 


which  is  the  same  as  equation  {1)  except  for  lacking  any  intimation  of  the 
value  of  the  multiplying  constant. 

^  Cf.,  for  instance,  an  article  of  mine  in  the  Bell  System  Technical  Journal,  7: 
281-320,  1928. 
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The  relation  {1)  between  wave-length  of  waves  and  momentum  of 
corpuscles  is  therefore  one  which  we  are  obhged  to  accept  if  we  wish  to 
use  both  the  wave  picture  and  the  corpuscle  picture  of  light. 

The  relation  {2)  may  be  derived  from  {!)  by  means  of  a  classical 
theorem  concerning  the  ratio  between  the  energy-density  of  a  beam  of 
light  and  the  pressure  which  the  beam  exerts  upon  an  object  on  which 
it  falls.  Conceive  a  stream  of  radiation  in  the  form  of  an  extremely 
long  train  of  plane  waves,  flowing  against  a  blackened  plate  faced  nor- 
mally against  the  direction  in  which  they  advance,  which  totally  absorbs 
them.  Say  that  the  beam  has  intensity  7,  which  means  that  an  amount 
of  energy  /  appears,  in  the  form  of  heat,  in  unit  area  of  the  blackened 
plate  in  unit  time.  The  light  exerts  a  pressure,  say  P,  against  the  plate; 
this  means  that  unit  area  of  the  plate  acquires  in  unit  time  an  amount  of 
momentum  P.  The  classical  undulatory  theory  predicts  that  P  should 
be  equal  to  the  quotient  of  I  by  c,  and  this  is  confirmed  by  experience. 
Now  /  is  equal  to  the  product  of  E,  the  energy  of  a  photon,  by  A^,  the 
number  of  photons  which  strike  the  plate  in  unit  time;  while  P  is  equal 
to  the  product  of  p,  the  momentum  of  a  photon,  by  the  same  number  N. 
Hence  E  must  be  equal  to  pc,  and  this  statement  is  none  other  than 
equation  {2). 

Equations  {!)  and  {2)  may  also  be  proved  jointly  valid  by  invoking 
the  Compton  effect,  and  equation  {2)  by  itself  may  be  proved  vaHd  by 
invoking  the  external  photoelectric  effect  of  metals,  both  of  which  will 
be  treated  in  later  sections  of  this  article.  Before  going  further,  however, 
we  should  consider  more  closely  how  the  undulatory  theory  is  tested 
and  how  wave-length  is  determined. 

MONOCHROMATIC  LIGHT  AND  MEASUREMENT  OF  WAVE-LENGTH 
As  Newton  found  in  his  classical  experiments  in  optics,  a  narrow  beam 
of  white  light  is  converted  by  a  prism  into  a  diverging  beam  of  which  the 
color  varies  from  one  side  to  the  other  of  the  beam,  but  if  a  sufficiently 
narrow  portion  of  this  divergent  beam  is  isolated  (by  means  of  a  slit 
in  an  opaque  screen)  and  sent  through  a  second  prism,  it  is  neither 
broadened  nor  changed  in  color.  Light  of  the  latter  character  is  called 
monochromatic  and  has  the  power  of  forming  diffraction  patterns  indicat- 
ing a  single  wave-length.  Every  "measurement"  of  a  wave-length  is  an 
observation  on  a  diffraction  pattern.  Owing  to  the  importance  of  this 
matter  I  will  develop  the  simplest  case. 

Imagine  two  beams  of  identical  monochromatic  light  moving  parallel 
to  the  x2/-plane,  one  making  an  angle  ip  and  the  other  an  angle  -  ^  with 
the  X-axis,  so  that  they  make  an  angle  2<^  with  each  other.  Were  they 
purely  corpuscular,  they  would  cross  each  other  without  interference. 
(The  reader  may  object  that  corpuscles  of  the  two  beams  would  collide 
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and  bounce  out  of  their  paths,  but  actually  no  such  sidewise  scattering 
of  one  beam  by  another  is  observed,  and  this  can  be  interpreted  by  saying 
that  the  corpuscles  are  so  excessively  small  that  collisions  are  too  rare  to 
be  appreciable.)  What  is  observed  is  different:  In  the  region  common 
to  the  two  beams  there  is  a  peculiar  distribution  of  light  intensity  known 
as  a  "system  of  fringes,"  the  intensity  varying  from  point  to  point  accord- 
ing to  the  formula 

Intensity  «   1  +  cos  {2my  sin  0)  (7) 

where  m  stands  for  a  constant  to  be  determined  by  measurements  of  the 
pattern  {e.g.,  by  measuring  the  distance  between  two  consecutive  "dark 
fringes"  or  lines  of  vanishing  intensity,  which  are  obviously  parallel  to 

the  X-axis  and  are  separated^  by  distances -. —  )•     Now  this  is  exactly 

nt/  St/it  (p  I 

the  law  of  variation  of  the  squared  amplitude  of  the  wave  pattern  occur- 
ring when  two  identical  sine-wave  trains  intersect  one  another  at  angle 
2ip.  Suppose  the  amplitude,  frequency,  and  wave-length  of  each  to  be 
denoted  by  A,  n/27r,  and  X,  respectively,  and  denote  27r/X  by  m.  Then 
the  indi\adual  wave  trains  following  the  directions  of  the  aforesaid  beams 
are  described  by  the  expressions 

A  cos  {jit  —  mx  cos  4>  —  my  sin  <^),  A  cos  {nt  —  mx  cos  cp  +  my  sin  (p) 

respectively;  being  added,  these  give  the  resultant  expression 


A\/2(l  +  cos  2my  sin  (p)  cos  (nt  —  mx  cos) 

which  describes  a  wave  motion  of  which  the  squared  amplitude  is  given 
thus: 

(Amplitude) 2  =  2A^{1  -\-  cos  2my  sin  (p)  (8) 

and  since  in  all  wave  theories  square  of  amplitude  is  taken  to  be  propor- 
tional to  intensity,  there  is  agreement  with  equation  (7),  as  I  remarked. 
Det  ermining  the  wave-length  thus  consists  in  measuring  m  and  equating 
it  to  27r/X. 

All  measurements  of  wave-length  are  made  in  essentially  this  fashion, 
though  the  type  of  diffraction  pattern  employed  varies  widely  from  case 
to  case  and  is  never  (except  in  demonstration  experiments)  so  simple  as 
this  example.     If  anyone  speaks  of  "measuring  wave-length"  in  any 

'  The  experiment  must  be  performed  by  separating  a  single  beam  of  light  into  two 
{e.g.,  by  means  of  a  half-silvered  and  hence  semitransparent  mirror,  or  a  pair  of 
Fresnel  mirrors)  and  causing  the  two  to  recross  one  another's  paths.  The  fringes  are 
commonly  said  to  constitute  an  interference  pattern,  but  this  is  not  essentially 
different  from  other  types  of  diffraction  pattern. 
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other  way,  he  means  either  that  his  apparatus  has  been  cahbrated  against 
some  diffraction  apparatus,  or  that  he  has  measured  the  energy  of  the 
photons  and  has  computed  X  from  them  by  equation  {2). 

Measurements  of  wave-length  in  the  visible  and  ultra-violet  ranges  of 
the  spectrum  are  generally  made  upon  the  diffraction  patterns  produced 
by  diffraction  gratings  which  are  metal  plates  ruled  with  parallel  grooves 
numbering  several  thousands  to  the  centimeter.  When  monochromatic 
light  falls  through  a  slit  against  such  a  grating,  the  pattern  is  of  such 
a  nature  that  a  photographic  plate  set  at  an  adequate  distance  receives  a 
sequence  of  linear  imprints  (images  of  the  slit)  of  which  the  position  of 
any  one  suffices  to  show  the  wave-length  of  the  radiation;  hence  the  term 
"line"  for  monochromatic  light.  Gratings  for  use  in  the  infra-red  are 
sometimes  made  of  parallel  wires.  Various  other  instruments  producing 
diffraction  patterns,  such  as  the  echelon  and  diverse  types  of  interferome- 
ter, are  sometimes  used  in  these  regions  of  the  spectrum;  their  patterns 
often  bear  no  resemblance  to  the  sharp  lines  formed  by  a  grating.  For 
X-rays  the  use  of  ruled  gratings  is  becoming  extensive,  though  it  is  not 
Ukely  to  supersede  the  original  method,  i.e.,  that  of  using  crystals  of  which 
the  regular  alignments  of  atoms  serve  as  the  rulings  of  a  natural  three- 
dimensional  grating.  In  the  gamma-ray  region  it  is  necessary  to  measure 
the  energy  of  the  photons  and  deduce  X  from  it  by  equation  {2) . 

EXTERNAL  PHOTOELECTRIC  EFFECT  OF  METALS,  AND  MEASUREMENT 

OF  PHOTON  ENERGY 

Having  spoken  of  the  method  of  measuring  wave-length  of  light,  I 
shall  now  speak  of  the  principal  method  for  measuring  energy  of  photons, 
though  this  procedure  requires  me  to  describe  out  of  its  due  order  one  of 
the  most  important  phenomena  of  the  interaction  of  light  and  electricity : 
the  external  photoelectric  effect  of  metals,  often  designated  simply  as 
"the  photoelectric  effect." 

Let  a  beam  of  monochromatic  light  of  wave-length  X  be  sent  against 
a  metal  target  enclosed  in  an  evacuated  tube,  the  target  being  connected 
to  a  wire  passing  through  the  tube  wall  so  that  it  becomes  an  electrode, 
and  the  tube  being  fitted  with  other  electrodes  and  metallic  grids  or 
gauzes  connected  to  wires  and  so  arranged  that  electric  fields  can  be 
applied  to  ihe  target.  If  X  is  greater  than  a  certain  "threshold  wave- 
length" depending  on  the  target  metal,  nothing  happens.  If  X  is  less 
than  this  threshold  wave-length,  electrons  emerge  from  the  metal.  If 
the  target  and  the  other  electrodes  are  charged  to  suitably  chosen  relative 
potentials,  the  electric  field  will  draw  these  emerging  electrons  to  some 
other  electrode,  and  so  long  as  the  light  continues  to  shine  steadily,  there 
will  be  a  steady  photoelectric  current  from  the  target.  It  will  be  suffi- 
cient for  our  purpose  to  visualize  the  simplest  possible  arrangement: 
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two  plane  parallel  electrodes  enclosed  in  a  tube,  one  of  them  being  the 
illuminated  target,  the  other  the  so-called  "collector."  If  the  potential 
difference  V  between  collector  and  target  is  positive — collector  more 
positive  than  target — we  ofcserve  this  photoelectric  current  im-  If  V 
is  negative  and  its  absolute  value  is  large,  there  is  no  current  at  all;  for 
all  of  the  electrons  which  emerge  from  the  target  are  driven  back  into  it 
by  the  adverse  field,  and  the  net  effect  is  the  same  as  though  they  had 
never  come  out.  If  V  is  negative  and  its  absolute  value  is  small,  there  is 
some  current,  i,  thovigh  not  so  great  as  im.  To  speak  more  precisely: 
if  F  is  varied  continuously  from  large  positive  to  large  negative  values, 
i  remains  at  first  constant  and  equal  to  im,  then  drops  gradually  to  zero; 
it  becomes  zero  at  a  certain  negative  value  of  V,  which  we  will  call 
Fo. 

These  facts  are  interpreted  by  supposing  that  the  light  ejects  electrons 
from  the  metal,  and  the  electrons  escape  in  various  directions  with 
various  amounts  of  kinetic  energy,  these  amounts  ranging  from  zero  up  to 
a  maximum  value  E^^.  When  V  >  0,  or  even  (in  an  ideal  arrangement 
with  infinitely  extensive  plates  and  no  space  charge)  when  V  =  0,  all 
of  these  particles  attain  the  collector.  When,  however,  V  is  made 
progressively  smaller  than  zero,  the  adverse  field  prevents  first  some 
and  finally  all  of  them  from  reaching  the  collector — first  the  slowest 
and  the  most  oblique,  then  the  faster  and  the  less  oblique,  and  finally 
the  fastest  which  shoot  out  normally  from  the  target,  are  held  up  and 
driven  back  whence  they  came.  The  particular  value  Fo  of  adverse 
voltage  just  defined  is  the  one  which  just  suffices  to  hold  up  these  par- 
ticular electrons  of  kinetic  energy  E^^^  and  velocity  directed  normally 
to  the  plates;  and  it  is  related  to  E^^  by  the  equation,* 

F         _  ^Z?  fQ\ 

^ma.  300  ^^^ 

Let  us  now  suppose  that  (a)  the  emerging  electrons  were  originally 
among  the  "free"  electrons  which  circulate  within  the  metal  and  are 
responsible  for  its  high  electrical  conductivity;  (h)  the  kinetic  energy  of 
these  free  electrons,  so  long  as  they  do  not  absorb  any  Hght,  never  exceeds 
a  certain  maximum  value  eWi  (I  choose  this  odd  notation  because  it  is 
used  in  the  theory) ;  (c)  each  of  them  which  escapes  does  so  by  virtue  of 
ha\ang  absorbed  the  entire  energy  hc/\  or  hv  of  Si  photon;  (d)  in  escaping 
each  must  sacrifice  not  less  than  a  certain  minimum  amount  eWa  of  its 
kinetic  energy  in  separating  itself  from  the  metal. 

^  The  kinetic  energy  of  a  particle  of  charge  e  which  is  just  able  to  overcome  an 
adverse  potential  difference  V  is  equal  to  eV,  provided  that  all  three  quantities  E, 
e,  and  V  are  expressed  in  c.g.s.  units.  The  factor  300  in  equation  (9)  is  introduced 
when  E  and  e  are  expressed  in  c.g.s.  units,  but  V  is  expressed  in  volts.  Note  that  V 
always  includes  contact  potential  difference. 
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If  all  of  these  assumptions  are  valid,  it  follows  that  E^^,  must  conform 
to  the  equation, 

and  consequently  (a)  Vo  must  he  a  linear  function  of\-\  its  slope  the  same 
for  all  metals;  (6)  Fo  must  be  independent  of  the  intensity  of  the  light  (which 
does  not  appear  anywhere  in  the  equation) ;  and  (c)  the  total  number  of 
electrons  emerging  per  unit  time  from  the  metal  (the  quotient  of  im  by  e) 
must  be  proportional  to  the  number  of  photons  falling  per  unit  time  on 
the  metal  and  therefore  to  the  intensity  of  the  light. 

All  of  these  expectations  are  fulfilled.  It  was  the  second  of  these 
laws— the  law  that  the  intensity  of  the  light  is  without  influence  on  the 
energy  of  the  escaping  electrons — which  served  as  the  earliest  incon- 
trovertible evidence  that  the  behavior  of  hght  cannot  wholly  be  explained 
by  conceiving  it  as  a  pure  wave  motion.  For  in  trying  to  interpret  the 
photoelectric  effect  in  the  classical  manner,  one  must  imagine  the  electro- 
magnetic waves  entering  into  the  metal  and  setting  the  indwelling  elec- 
trons into  forced  oscillations,  by  virtue  of  the  continuously  varying 
field  strength  and  energy  which  accompany  them.  The  oscillations  of 
such  an  electron  would  grow  steadily  wider;  the  speed  with  which  it 
dashed  through  its  middle  position  would  grow  larger  and  larger;  at  last 
it  would  be  torn  from  its  moorings.  One  would  predict  that  the  greater 
the  intensity  of  the  light,  the  greater  the  energy  acquired  by  the  electron 
in  each  cycle  of  its  forced  oscillation  would  be,  the  greater  the  energy 
with  which  it  would  finally  break  away.  But  E^,,  (as  indeed  the  whole 
distribution  in  energy  of  the  photoelectrons)  is  independent  of  the 
intensity;  it  is  as  though  the  waves  beating  upon  a  beach  were  doubled 
in  their  height  and  the  powerful  new  waves  disturbed  four  tunes  as  many 
pebbles  as  before,  but  did  not  displace  a  single  one  of  them  any  farther 
nor  agitate  it  any  more  violently  than  the  former  gentler  waves  did  the 
pebbles  that  they  washed  about. 

The  second  and  the  third  of  the  foregoing  laws  thus  speak  powerfully 
for  the  doctrine  that,  at  least  in  respect  of  absorption,  a  beam  of  Ught  is 
to  be  regarded  as  a  hail  of  corpuscles;  and  they  justify  us  in  using  the 
linear  relation  between  Fo  and  \-^  which  now  I  write  in  the  form 

Fo  =  4-'  +  ^4^  (^^^ 

A 

as  a  basis  for  determining  the  constant  h;  for  h  is  equated  simply  to 
eA  i/300c.  Incidentally,  the  theory  as  a  whole  requires  that  {eWa  -  eWi) 
should  vary  from  one  metal  to  another  just  as  does  the  Volta  potential 
or  contact  potential,  and  is  further  strengthened  by  the  fact  that  A  2 
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is  found  to  vary  thus  from  metal  to  metal.  There  are  also  many  addi- 
tional verifications  of  the  assumptions  (a),  (h),  and  (d);  but  to  analyze 
them  all  would  lead  us  much  too  far  afield.^ 

It  is  obvious  that  if  Ai  has  been  determined  once  for  all  and  A  2  has 
been  determined  for  a  given  metal  by  experiments  with  light  of  known 
wave-lengths,  the  maximum  kinetic  energy  of  the  electrons  ejected 
from  that  metal  by  light  of  unknown  constitution  will  give  us  the  photon 
energy  and  hence  the  wave-length  of  the  light  if  this  is  monochromatic 
(or  that  of  the  shortest-wave  constituent  of  the  light,  if  it  is  a  mixture  of 
various  wave-lengths).  A  very  similar  method  is  used  to  ascertain  the 
photon  energies  of  X-rays  and  gamma  rays,  especially  when  this  is  too 
small  to  produce  a  measurable  diffraction  pattern  with  any  available  grat- 
ing or  other  diffraction  apparatus.     We  shall  consider  it  later. 

UNITS  OF  WAVE-LENGTH,  WAVE  NUMBER,  FREQUENCY,  AND  PHOTON 

ENERGY 

a.  The  ultimate  unit  of  wave-length  is,  of  course,  the  centimeter,  but 
various  submultiples  of  this  universal  unit  are  of  customary  use  in  various 
parts  of  the  spectrum.     These  comprise: 

The  "micron"  (symbol  p)  equal  to  10"'*  cm.,  sometimes  employed  in 
the  extreme  infra-red. 

The  "millimicron"  (symbol  irifx,  formerly  jxtx)  equal  to  10"'^  cm., 
occasionally  employed  in  the  infra-red,  the  visible,  and  the  ultra-violet, 
but  not  so  common  as  the  unit  next  mentioned. 

The  "  Angstrom"  (symbol  A  or  A)  equal  to  10~^  cm.,  usually  employed 
in  the  near  infra-red,  the  visible,  and  the  ultra-violet. 

The  "X-unit"  (symbol  X)  equal  to  10~^^  cm.,  employed  in  the  X-ray 
and  gamma-ray  regions. 

h.  "Wave  number"  is  by  definition  the  reciprocal  of  wave-length. 
When  a  wave  number  is  to  be  calculated  from  a  wave-length,  the  latter 
is  generally  expressed  in  centimeters,  so  that  the  customary  unit  of  wave 
number  is  the  reciprocal  centimeter  (symbol  cm."^).  This  is  also  the  case 
when  the  values  of  "terms"  (page  22)  are  expressed  in  wave  numbers. 

c.  "Frequency"  is  by  definition  the  product  of  wave  number  by  c, 
the  speed  of  light  in  vacuo.     The  first  factor  is  commonly  expressed  in 

*  It  was  formerly  thought  that  Wi  of  equation  {10)  is  negHgibly  small,  but  quantvmi 
mechanics  has  taught  us  differently.  Actually,  the  distribution  in  energy  of  the  free 
electrons  inside  of  a  metal  does  not  have  a  perfectly  sharp  upper  limit  Wi  except  at 
the  absolute  zero  of  temperature.  At  temperatures  higher  than  0°K.,  there  are  some 
free  electrons  having  energies  greater  than  Wi,  and  consequently  some  photoelectrons 
escaping  with  energies  greater  than  the  value  of  E^^^  which  would  be  observed  at 
zero;  the  distribution  in  energy  of  these  electrons  agrees  so  well  with  that  predicted 
from  the  quantum-mechanical  theory,  as  to  afford  extra  proof  of  the  fundamental 
ideas. 
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cm.-S  the  second  in  centimeters  per  second  or  cm./sec,  the  frequency, 
therefore,  in  reciprocal  seconds  (symbol  sec  "O.  The  reader  will  seldom 
see  numerical  values  of  frequency  cited. 

d.  The  c.g.s.  unit  of  energy  is  the  "erg."  The  energy  of  a  photon 
of  hght  of  frequency  v  is  computed  in  ergs  by  multiplying  v  expressed  in 
sec.-i  by  the  value  of  h  expressed  in  c.g.s.  units  (gm.  cm.^  sec.-^),  which  is 
6.55  •  10-27.  The  erg  is  far  too  large  a  unit  for  convenience  in  dealing 
with  any  portion  of  the  spectrum,  and  the  customanj  unit  of  energy 
is  the  "electron  volt"  (symbol  ev)  equal  to  1.59  •  IQ-^^  gj-g  Sometimes 
this  is  called  the  "equivalent  volt,"  and  often  simply  the  "volt  of  energy" 
or  "volt,"  a  usage  much  to  be  reprehended.  As  the  name  imphes,  it  is 
the  amount  of  kinetic  energy  acquired  by  an  electron  in  passing  unim- 
peded between  two  points  of  which  the  latter  is  at  a  potential  one  volt 
higher  than  the  former.  In  the  gamma-ray  region,  photon  energies  are 
sometimes  expressed  in  milUons  of  electron  volts  (symbol  mev). 

To  get  photon  energy  in  electron  volts  from  wave-length  in  Angstroms, 
it  is  often  convenient  to  remember  that  photons  of  one  electron  volt 
correspond  to  waves  of  12,337  A.  If  the  reader  finds  it  easier  to  hold  in 
mind  the  number  12,345  than  the  other,  he  commits  no  serious  error  in 
doing  so. 

THE  REGIONS  OF  THE  SPECTRUM 

While  the  several  regions  of  the  spectrum  derive  their  names  from 
physiological  and  historical  accidents  rather  than  from  fundamental 
reasons,  it  is  important  to  have  some  notion  of  their  locations  and 

extents.  ^ 

The  visible  spectrum  extends  from  about  3600  A  at  the  end  of  the  violet 
to  about  8500  A  at  the  end  of  the  red,  the  exact  limits  varying  from  one 
eye  to  another.  The  corresponding  photon  energies  are  about  3.4  and 
1.4  EV,  respectively. 

From  the  red  end  of  the  visible  spectrum,  in  the  direction  of  increas- 
ing wave-lengths,  extends  the  infra-red,  beyond  which  lies  the  spectrum 
of  Hertzian  waves  generated  by  oscillating  electrical  circuits.  Until 
about  1924  there  was  a  gap  between  these  ranges — i.e.,  an  intermediate 
range  of  wave-lengths  corresponding  to  no  radiations  which  had  ever 
been  observed — and  the  infra-red  was  defined  as  extending  to  the  short- 
wave end  of  this  gap.  Subsequently  the  gap  was  closed,  and  this  con- 
venient definition  lost;  the  infra-red  is  now  commonly  considered  as 
extending  to  about  1000  n  or  one  millimeter,  corresponding  to  a  photon 
energy  of  only  about  0.001  ev.  People  sometimes  speak  of  the  "near" 
or  the  "far"  infra-red,  but  the  distinction  is  extremely  loose,  unless 
perchance  the  near  infra-red  be  defined  as  that  range  over  which  photo- 
graphic plates  are  sensitive.     This  range  is  constantly  being  extended 
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by  research  in  photochemistry  but  still  remains  relatively  restricted. 
Beyond  it,  infra-red  light  must  be  detected  by  its  heating  effect  or  by  its 
action  on  a  radiometer. 

From  the  violet  end  of  the  visible  spectrum,  in  the  direction  of  decreas- 
ing wave-lengths,  extends  the  ultra-violet.  Like  the  infra-red,  it  formerly 
was  terminated  by  a  gap,  beyond  which  lay  the  X-rays.  This  gap  was 
closed  at  about  the  same  time  as  that  other,  and  now  the  limit  of  the 
so-called  ultra-violet  has  to  be  fixed  by  arbitrary  choice  somewhere  in 
the  zone  which  is  alternatively  called  that  of  far  ultra-violet  or  that 
of  soft  X-rays.  As  acceptable  a  frontier  as  any  is  the  wave-length  12.3  A 
corresponding  to  a  photon  energy  of  100  ev;  but  no  frontier  is  really  good. 
Subdivisions  of  the  ultra-violet  are  the  "zone  of  transmission  by  the 
earth's  atmosphere"  extending  from  the  edge  of  the  violet  out  to  about 
2900  A  (4.3  Ev),  at  which  the  atmosphere  ceases  to  transmit  and  beyond 
which  the  spectra  of  the  sun  and  stars  cannot  be  followed;  the  Schumann 
region  between  about  2000  and  1250  A  (6.4  and  10  ev),  in  which  fluorite 
must  be  used  for  lenses  and  prisms  and  special  photographic  films  are 
necessary;  and  the  Lyman  region,  extending  thence  to  about  500  A 
(about  25  ev),  in  which  still  more  exceptional  films  are  requisite  and 
only 'the  thinnest  strata  of  solid  matter  (or  better,  none  at  all)  may  be 
put  across  the  light  beam.^ 

Beyond  the  ultra-violet  stretches  the  X-ray  region,  and  beyond  that 
the  gamma-ray  spectrum,  any  boundary  imposed  between  the  two  being 
of  necessity  even  more  arbitrary  than  any  imposed  between  the  X-rays 
and  the  ultra-\iolet.  If  we  could  limit  the  X-ray  spectrum  to  the  char- 
acteristic X-ray  "lines"  (see  page  25),  we  could  put  a  frontier  at  about 
0.12  A  (about  10'  ev),  but  this  would  be  doing  too  great  a  violence  to 
our  classical  definitions  of  X-rays,  while  on  the  other  hand  no  other 
sharp  limit  can  be  set  except  the  photon  energy  corresponding  to  the 
highest  voltage  thus  far  applied  to  an  X-ray  tube,  and  this  leaps  upward 
year  by  year.  If  the  reader  insists  on  a  boundary,  he  may  take 
25  X  (5  •  105  Ey  or  0.5  mev). 

People  who  w^ork  with  X-ray^  frequently  refer  to  the  infra-red,  the 
visible,  and  the  ultra-violet  regions  collectively  as  the  "optical  spectrum." 

ABSORPTION  OF  LIGHT  BY  ATOMS 

The  absorption  spectrum  of  a  not  too  dense  gas  consists  chiefly, 
if  not  entirely,  of  discrete  lines  and  is  known  either  as  a  line  spectrum 
or  as  a  band  spectrum,  the  distinction  depending  on  the  arrangement  of 
the  lines.  Band  spectra  are  exhibited  by  gases  in  which  the  atoms  are 
grouped   into   molecules    (notable   examples   being   hydrogen,    oxygen, 

6  Schumann  and  Lyman  were  the  first  to  devise  methods  for  observing  spectra  in 
these  respective  regions. 
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nitrogen,  as  well  as  all  gaseous  chemical  compounds)  and  will  be  treated 
farther  on.  Line  spectra  are  exhibited  by  monatomic  gases,  a  class  which 
at  ordinary  temperatures  comprises  only  the  noble  or  inert  gases  (helium, 
argon,  neon,  and  the  very  rare  gases  krypton  and  xenon)  and  the  vapors 
of  certain  metals,  among  which  mercury  vapor  is  by  far  the  easiest  to 
study,  while  those  of  the  alkali  metals  are  the  next  easiest.  Many, 
if  not  all,  of  these  monatomic  gases  show  spectra  of  both  types,  but 
in  such  cases  the  band  spectra  are  attributed  to  occasional  molecules 
mixed  with  the  uncombined  atoms.  Some  of  the  molecular  gases  show 
line  spectra  when  heated  or  exposed  to  electrical  discharges,  but  these 
are  attributed  to  atoms  which  have  been  set  free  by  the  dissociation  of 
molecules.  It  happens  that  for  the  commonest  gases,  both  monatomic 
and  molecular,  most  or  all  of  the  lines  of  the  absorption  spectrum  are  in 
the  ultra-violet,  so  that  these  gases  seem  to  be  perfectly  transparent  so 
long  as  no  account  is  taken  of  any  but  visible  light. 

The  line  spectra,  then,  are  the  characteristic  spectra  of  gases  con- 
sisting of  single  atoms.  When  such  a  gas  is  made  more  rarefied  and 
cooler,  the  lines  of  its  absorption  spectrum  become  sharper  and  narrower; 
and  it  appears  that  we  can  approach  quite  closely  to  the  ideal  spectrum 
of  absolutely  isolated  and  stationary  atoms  not  colliding  or  interfering 
with  one  another  in  any  way.  This  limiting  spectrum  is  the  subject  of 
what  next  follows. 

Suppose  that  we  have  measured  as  many  as  possible  of  the  absorption 
lines  of  a  given  gas.  Let  Xt  be  the  general  symbol  for  the  wave-length 
of  any  one  among  them.  I  have  said  that  in  respect  of  absorption, 
monochromatic  light  of  wave-length  X  behaves  like  corpuscles  of  energy 
hc/\  or  hv.  The  existence  of  the  absorption-line-spectrum  thus  signifies, 
that  atoms  of  the  gas  in  question  are  able  to  absorb  quantities  of  energy  of 
the  amounts  hc/\i  or  hui.  The  atoms  are  not  able  to  absorb  intermediate 
amounts  of  energy,  for  there  are  gaps  in  the  spectrum  between  the  lines. 
Atoms  are  capable  of  absorbing  only  certain  specific  discrete  quantities 
of  energy. 

Another  way  of  saying  the  same  thing  is:  Atoms  are  capable  of  existing 
only  in  certain  specific  discrete  states,  each  distinguished  by  a  characteristic 
energy  value;  absorption  of  light  by  an  atom  entails  the  transfer  or  "transi- 
tion" of  the  atom  from  one  of  these  states  to  another,  and  consequently  the 
product  of  h  by  the  frequency  c/\i  of  any  absorption  line  is  the  difference 
between  the  energy  values  of  two  of  the  stationary  states  of  the  atom  in  question. 
This  is  one  of  the  fundamental  principles  discerned  by  Niels  Bohr. 

In  cool,  rarefied,  and  unexcited  monatomic  gases  the  vast  majority 
of  the  atoms  at  any  moment  are  in  one  particular  state,  the  "normal 
state"  or  "ground  state."  All  of  the  absorption  lines  of  such  a  gas 
correspond  to  transitions  out  of  this  special  state  into  various  others, 
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known  collectively  as  "excited  states."  The  values  of  hc/\i  for  such  a 
gas  are  then  the  energy  values  of  these  excited  states  reckoned  from 
a  common  zero  of  energy,  viz.,  the  energy  of  the  normal  state.  If  we 
measure  the  lines  of  the  absorption  spectrum  of  such  a  gas,  we  are  at  the 
same  time  determining  the  energy  values  of  various  states  of  the  atoms 
all  reckoned  from  this  common  zero. 

What  happens  if  a  photon  meets  an  atom  which  has  already  been 
transferred  into  an  excited  state  by  absorbing  a  previous  photon?  Usu- 
ally this  is  not  a  likely  occurrence,  as  an  excited  atom  usually  reverts 
to  the  normal  state  within  an  exceedingly  short  time,  of  the  order  of  10"^ 
sec.  It  can,  however,  be  made  to  occur  sufficiently  often  to  be  observed, 
by  using  a  very  intense  beam  of  light  and  a  not  too  rarefied  gas.  More- 
over, atoms  in  excited  states — "excited  atoms" — can  be  made  relatively 
abundant  in  a  gas  by  instigating  an  electrical  discharge  in  it  (a  glow  or  an 
arc),  or  even  in  some  cases  merely  by  heating  it.  It  turns  out  (as  can 
be  easily  foreseen)  that  for  every  excited  state  there  is  a  new  absorption 
spectrum,  with  new  values  of  Xi  such  that  the  products  hc/\i  give  the 
energy  values  of  other  states  reckoned  from  the  energy  of  that  state  as 
zero.  The  absorption  spectrum  of  a  gas  full  of  excited  atoms  can  thus 
be  extremely  intricate  (as  the  emission  spectrum  actually  is),  and  it  was 
on  this  account  that  in  the  previous  paragraph  I  specified  a  "cool,  rarefied, 
and  unexcited  gas." 

Reverting  to  such  a  gas:  in  the  simplest  cases  the  absorption  fines 
form  a  converging  sequence  or  "series"  in  which  every  line  is  closer  to 
its  neighbor  of  higher  frequency  than  to  its  neighbor  of  lower  frequency, 
and  the  gap  between  consecutive  lines  approaches  zero  as  the  frequency 
rises,  so  that  there  is  a  "convergence  frequency"  or  "limit  frequency." 
The  most  famous  series  is  a  certain  series  of  monatomic  hydrogen,  of 
which  the  frequencies  of  the  various  lines  are  obtained  by  assigning  the 
values  of  the  integers  (from  3  upward)  to  the  symbol  n  in  the  equation 

"  =  '^(1-^)         »  =  3,  4,  5  •  •  •  (/«) 

where  R  stands  for  a  certain  constant.  This  series  is  named  after  Balmer 
who  discovered  the  formula  (not  the  series).  His  formula  implies  an 
infinite  number  of  lines,  converging  upon  the  limit  frequency  v^-,^  =  R/4. 
Actually,  we  observe,  of  course,  a  finite  number  of  lines  (about  50),  each 
of  them  fainter  than  the  next  lower,  and  the  highest  of  them  merging 
into  a  broad  haze  or  "continuum."  Only  a  few  other  series  conform  to 
algebraic  expressions  as  simple  as  Balmer's,  but  there  are  many  of  which 
the  lines  can  be  fitted  by  formulas  of  the  same  general  type,  implying 
an  infinite  sequence  of  converging  lines  of  which  we  observe  only  the 
first  few  dozen  (or  sometimes  only  the  first  few)  as  discrete  lines,  while 
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the  remainder  fade  away  into  a  continuum.  We  infer  that  in  such  a  case, 
the  excited  states  of  the  atom  may  be  considered  to  form  a  theoretically 
infinite  sequence,  such  that  the  difference  between  the  energy  values  of 
any  two  consecutive  states  approaches  zero  as  one  traverses  the  sequence 
in  the  direction  of  increasing  energies.  Actually  there  may  be  many  such 
sequences  displayed  by  a  single  kind  of  atom,  and  the  complexities  of 
even  the  simplest  spectra  are  rather  formidable. 

Since  a  spectrum  line  corresponds  to  a  transition  between  two  states 
of  an  atom,  it  may  be  denoted  by  the  symbols  designating  these  two 
states.  Thus,  the  most  prominent  line  (and  the  one  most  frequently 
employed  in  research  with  ultra-violet  light)  in  the  ultra-violet  spectrmn 
of  mercury — to  wit,  the  line  of  wave-length  2537  A — is  sometimes  denoted 
in  this  fashion: 

VS  -  2'Po 

the  symbols  VS  and  2^Po  being  applied  by  spectroscopists  respectively 
to  the  normal  state  and  to  a  particular  excited  state  of  the  mercury  atom, 

o 

and  the  photons  of  wave-length  2537  A  causing  a  transition  from  the 
former  state  to  the  latter  when  they  are  absorbed.  This  is  a  most  unwel- 
come usage  for  anyone  but  a  practiced  spectroscopist,  not  only  because 
the  symbols  are  intricate  but  because  they  are  frequently  changed, 
generally  in  the  direction  of  greater  complexity:  I  recall  at  least  five 
alternatives  for  2^Po.  The  biologist  is  not  very  likely  to  meet  with  this 
usage,  but  if  he  does  he  had  better  appeal  to  some  professional  spectro- 
scopist for  a  translation  of  these  symbols  into  wave-lengths. 

Another  difficulty  which  a  biologist  may,  but  is  not  likely  to,  encoun- 
ter: a  betterment  of  spectroscopic  apparatus  frequently  leads  to  the 
discovery  that  what  has  hitherto  been  regarded  as  a  single  line  is  actually 
a  cluster  of  lines  very  close  together,  i.e.,  differing  very  little  in  wave- 
length. After  such  a  discovery  the  cluster  is  still  frequently  described 
as  a  single  line,  except  in  researches  on  the  individual  members  of  the 
group.  The  aforesaid  "line"  of  mercury  is  known  to  be  a  cluster  of 
at  least  five  lines. 

CONTINUA  IN  ABSORPTION   SPECTRA,  AND  IONIZATION  BY  LIGHT 

In  the  previous  section  I  spoke  of  the  continuum  w'hich  lies  beyond 
the  highest  distinctly  separable  lines  of  a  series.  This  consists  in  part 
of  the  uppermost  lines  of  the  series  which  are  too  close  together  to  be 
distinguished  or  "resolved";  but  there  is  also  a  part  of  it  which  extends 
beyond  the  limit  of  the  series.  The  existence  of  this  latter  part  is  a 
point  of  little  practical  but  great  theoretical  importance,  for  when  the  gas 
is  irradiated  by  light  of  any  wave-length  comprised  within  this  part, 
the  light  expels  electrons  from  the  atoms:  in  this  particular  portion  of  the 
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spectrum,  absorption  of  light  by  an  atom  entails  detachment  of  an  elec- 
tron from  the  atom,  a  process  known  as  "ionization."  The  convergence 
frequency  v^.^^  of  a  series  in  an  absorption  spectrum  is  the  least  frequency 
for  which  ionization  takes  place,''  and  consequently  the  energy  hv^^ 
of  the  corresponding  photons  is  the  energy  which  just  suffices  to  detach 
an  electron  from  the  atom.  This  is  known  as  the  "ionizing  energy"  or 
"ionization  potential"  of  the  atom.  When  the  atom  has  thus  been 
ionized  by  light  of  frequency  Vn^,  we  may  consider  the  ionized  atom  and 
its  divorced  electron  as  a  system  in  a  state,  the  "state  of  the  ionized 
atom,"  having  an  energy  equal  to  /iv,;^  when  reckoned  from  our  regular 
zero. 

THEORY  OF  ABSORPTION  LINES 

Consider  an  absorption  spectrum  consisting  of  a  line  series  having 
limit  frequency  Vy^^,  and  of  the  adjoining  continuum.  Photons  of 
frequencies  greater  than  Vy^^  are  absorbed  by  atoms  and  expel  electrons. 
Photons  of  certain  discrete  frequencies  Vi  smaller  than  Vy^,^  are  absorbed 
by  atoms  but  do  not  expel  electrons.  It  is  natural  to  infer  that  while 
a  photon  of  an  absorption  line  does  not  have  energy  enough  to  detach 
an  electron  completely  from  the  atom,  it  does  succeed  in  shifting  an 
electron  partway  outward  from  its  equilibrium  position  in  the  atom. 
The  various  stationary  states  of  energy  hvi  (reckoned  from  that  of  the  normal 
state  as  zero)  would  then  involve  different  positions  of  an  electron  in  the  atom. 
The  normal  state  would  involve  the  position  of  permanent  equilibrium; 
the  excited  states,  positions  of  merely  temporary  equilibrium;  the  transi- 
tion of  an  atom  from  one  state  to  another  would  involve  the  transfer  of 
an  electron  from  one  position  to  another. 

This  also  is  one  of  the  fundamental  ideas  of  Bohr.  In  his  earliest 
papers  Bohr  (and  subsequently  many  other  theorists)  went  much  further 
in  defining  the  pictures  or  models  of  these  stationary  states.  They 
considered  that  each  stationary  state  involves  a  definite  and  characteristic 
orbit  of  the  electron  in  the  atom.  Take,  for  example,  the  simplest  case 
of  all,  that  of  hydrogen,  the  atom  of  which  consists  of  a  single  electron 
of  charge  —e  and  a  nucleus  of  charge  +e.  Let  it  be  assumed  that  the 
electron  may  revolve  around  the  nucleus  only  in  one  or  another  of  certain 
circular^  orbits,  to  wit,  those  circular  orbits  in  which  the  angular  momen- 
tum of  the  atom  is  some  integer  multiple  of  h/2Tr — is  equal  to  nh/2ir, 
where  n  stands  for  any  integer  greater  than  zero.  (This  is  not  a  purely 
ad  hoc  assumption,   but  one  suggested  by  general  quantum  theory!) 

'  Except  when  ionization  occurs  as  the  result  of  two  or  more  processes  acting 
simultaneously . 

*  Certain  elliptical  orbits  are  also  permissible,  but  it  would  complicate  this  brief 
account  too  much  to  take  due  note  of  them. 
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On  computing  the  energy  possessed  by  the  atom  when  the  electron  is 
in  one  or  another  of  these  various  orbits,  it  is  found  that  the  energy  values 
agree  precisely  with  those  of  the  stationary  states  deduced  from  the 
Balmer  series  and  other  series  in  the  spectrum  of  hydrogen!  The  com- 
puted energy  value  corresponding  to  the  nth  orbit  (that  for  which  the 
angular  momentum  is  n/i/27r)  when  reckoned  from  that  of  the  first  orbit 
taken  as  zero  of  energy,  is  given  by  the  formula,^ 


27rVwie'Yi 
h^      \         n 
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Let  us  subtract  the  energy  value  for  the  second  orbit  from  that  for  the  nth 
orbit,  and  divide  the  difference  by  h  to  get  the  frequency  of  that  photon, 
the  absorption  of  which  should  transfer  the  electron  from  the  second  orbit 
to  the  nth.     We  get: 
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and  now  comparing  this  with  Balmer's  formula  we  see  that  they  are 
identical  if  the  combination  2tt -iime'^/h^  is  equal  to  the  observational 
constant  R — and  this  turns  out  to  be  so! 

One  immediately  inquires:  should  there  not  also  be  a  series  corre- 
sponding to  transfers  of  the  electron  from  the  first  orbit  into  the  outer 
orbits,  given  therefore  by  the  formula: 

So  there  is !  It  is  the  Lyman  series,  discovere.d  much  later  than  the  Balmer 
series  for  the  sole  reason  that  it  lies  far  out  in  the  ultra-violet,  while  that 
described  by  Balmer's  formula  is  very  conveniently  placed  in  the  visible 
spectrum.  The  Lyman  series  is  the  better  of  the  two  to  keep  in  mind, 
for  its  lines  correspond  to  absorption  by  normal  atoms — the  case  to  which 
I  have  hitherto  restricted  my  exposition — whereas  the  Balmer  lines 
correspond  to  absorption  by  excited  atoms. 

Were  I  to  attempt  to  give  even  an  inkling  of  the  ways  in  which  Bohr's 
ideas  were  developed  in  order  to  interpret  more  complicated  spectra — 
developments  in  the  course  of  which  many  other  striking  numerical 
agreements  between  the  theory  and  the  data  were  discovered — the  char- 
acter of  this  essay  would  be  entirely  distorted.  It  must  suffice  to  say 
that  the  successes  of  the  theory  were  such,  that  the  word  "orbit"  has 
become  practically  a  synonym  for  "stationary  state"  in  the  common 
language  of  physicists.     Even  theorists  who  in  their  own  thinking  make 

^  The  symbol  m  stands  for  the  mass  of  the  electron,  the  symbol  ju  for  the  ratio 
M/{M  +  m),  where  M  represents  the  mass  of  the  nucleus. 
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little  or  no  use  of  the  picture  of  a  revolving  electron,  are  likely  enough  to 
speak  or  write  of  the  ''VS  orbit  of  mercury"  instead  of  the  "stationary 
state  of  the  mercury  atom  denoted  by  VS."  There  is,  in  fact,  no  com- 
pelling reason  why  the  practicing  spectroscopist  and  the  user  of  light 
as  a  tool  should  not  continue  to  employ  both  the  word  and  the  picture. 
The  important  point  is  that  the  stationary  states  and  their  energy  values 
are  now  so  fully  verified  as  to  have  risen  practically  to  the  rank  of  facts  of 
experience,  unaffected  by  alterations,  in  the  models  by  which  theoretical 
physicists  are  accustomed  to  represent  them.  When  the  reader  reahzes 
this,  he  may  safely  designate  a  stationary  state  by  such  words  as  "orbit," 
or  "position  of  an  electron,"  or  "arrangement  of  the  electrons,"  without 
concerning  himself  unduly  with  the  fact  that  some  physicists  use  different 
descriptive  words  or  none  at  all. 

TERMS 
Reverting  to  Balmer's  formula:  the  frequency  of  any  line  of  the 

r>  D 

Balmer  series  is  given  as  the  difference  j- 5,  which  we  may  write  thus 

rr  ft 

instead : 

-R       /-R\  ,     , 

The  reason  for  this  algebraically  correct  but  oddly  appearing  revision 
is  seen  by  inspecting  the  theoretical  equivalent  of  Balmer's  formula, 
equation  (i5).     The  energy  values  of  the  nth  and  the  second  orbits, 

respectively,  are  hRy,  1 A  and  }\R\\  —  j)  when  reckoned  from  our 

former  zero,  viz.^  the  energy  of  the  normal  state.  The  quantities  —hR/n^ 
and  —hR/4L  are  the  energy  values  of  these  orbits,  reckoned  from  a  new 
zero  greater  by  hR  than  the  old  one.  From  equation  (13)  we  can  divine 
the  meaning  of  this  new  zero.  The  quantity  hR  is  hvy,^,  the  energy  corre- 
sponding to  the  limit  of  the  Lyman  series,  therefore  the  energy  just 
sufficient  to  extract  an  electron  from  a  hydrogen  atom  initially  in  the 
normal  state.  In  passing  from  the  old  zero  of  energy  to  a  new  zero  greater 
by  hR,  we  have  passed  from  the  "normal  state  of  the  neutral  atom" 
to  the  "state  of  the  ionized  atom"  as  the  new  standard  from  which  energy 
values  are  to  be  reckoned.  The  quantity  —hR/n-  is  the  energy  of  the 
hydrogen  atom  with  the  electron  in  its  nth  orbit,  reckoned  from  the 
energy  of  the  ionized  atom  with  its  electron  at  infinity. 

The  practical  importance  of  this  point  is  as  follows:  In  spectroscopic 
tables  and  elsewhere,  the  frequency  of  a  spectrum  line  belonging  to  a  series 
is  often  written  as  the  difference  between  two  "terms," 

V  =  A  -  B  =  -B  -  (-A)  {16) 
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These  are  to  be  multiplied  by  h;  then  the  negative  quantities  —hB  and 
—  hA  are  the  energy  values  of  two  stationary  states  of  the  atom,  reckoned 
from  the  energy  of  the  ionized  atoms  as  zero.  To  obtain  the  energy 
values  of  these  states  reckoned  from  the  normal  state  of  the  neutral  atom, 
one  must  add  the  ionizing  energy  of  the  atom  to  —hA  and  —hB.  Quanti- 
ties such  as  A  and  B  are  technically  known  as  "terms";  they  are  some- 
times tabulated  instead  of  lines,  and  are  usually  expressed  in  wave 
numbers. 

ABSORPTION  IN  THE  X-RAY  REGION 

In  the  X-ray  absorption  spectra  there  is  a  striking  difference  from 
those  which  we  have  hitherto  been  considering;  instead  of  absorption 
lines  being  prominent  and  continua  being  inconspicuous,  the  continua 
of  an  X-ray  absorption  spectrum  are  its  principal  features. 

Like  the  others,  these  X-ray  continua  signify  absorption  of  photons 
attended  by  expulsion  of  electrons.  Generally,  any  one  of  them  presents  a 
relatively  sharp  edge  toward  the  low-frequency  side,  and  a  gradual 
fading  out  toward  the  high-frequency  side:  as  the  frequency  is  increased 
from  an  initial  low  value,  the  absorption  coefficient  suddenly  rises  from  a 
very  low  to  a  high  value,  thereafter  to  decrease  gradually  and  smoothly 
as  the  frequency  is  further  raised.  (At  frequencies  slightly  below  that 
of  the  absorption  edge,  discrete  absorption  lines  may  be  observed, 
recalling  those  of  the  line  series  adjoining  a  continuum  in  an  optical 
spectrum.)  Denote  by  z^o  the  frequency  of  an  absorption  edge:  then 
hvo  represents  the  energy  just  sufficient  to  detach  an  electron  from  the 
atom.  Let  the  atoms  (we  will  imagine  a  stratum  of  some  chemical 
element,  lead  or  argon,  for  example)  be  irradiated  by  a  beam  of  X-rays 
of  frequency  v  greater  than  i^o.  The  expelled  electrons  will  then  possess 
kinetic  energy  K  given  by  the  formula 

K  =  hv  -  hvo  (i7) 

The  similarity  with  equation  (8)  is  manifest:  we  have  a  linear  relation 
between  kinetic  energy  of  expelled  electrons  and  frequency  of  incident 
light — its  slope  is  h — there  is  an  additive  constant  of  negative  value. 
There  are,  however,  striking  differences :  The  electrons  all  have  about  the 
same  kinetic  energy,  instead  of  a  distribution  of  energies  from  zero  to  a 
maximiun  value  to  which  alone  the  equation  is  appUed;  and  the  additive 
constant  is  not  equal  to  {eWi  -  eWa),  but  as  a  rule  it  is  very  much  greater. 
All  this  signifies  that  the  electrons  in  question  were  not  originally  free 
electrons  circulating  in  the  metal  (if  the  irradiated  element  was  a  metal) 
but  "bound"  electrons  definitely  attached  to  atoms  in  a  fixed  and  constant 
way,  the  energy  hvo  being  that  required  to  overcome  the  binding  and  make 
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that  definite  change  in  the  structure  of  the  atom  which  is  entailed  by  the  extrac- 
tion of  one  of  its  constituent  parts.  ^^ 

In  the  absorption  spectrum  of  a  massive  element,  such  as  gold,  lead, 
or  uranium,  there  are  several  of  these  continua  and  absorption  edges,  and 
therefore  several  different  values  of  hpo.  Each  corresponds  to  the  extrac- 
tion of  an  electron  belonging  to  a  certain  definite  class,  which  we  may 
picture  as  being  normally  located  in  a  certain  orbit  or  at  a  certain  distance 
from  the  nucleus  of  the  atom.  The  absorption  edge  of  highest  frequency 
corresponds  to  the  class  of  electrons  of  which  it  takes  the  greatest  amount 
of  energy  to  dislodge  a  member.  Electrons  of  this  class  are  therefore 
conceived  as  occupying  the  innermost  orbit  or  the  nearest  of  all  available 
locations  to  the  nucleus  itself.  They  are  called  K  electrons;  the  corre- 
sponding absorption  edge  and  its  frequency  are  known  as  the  K  absorption 
edge  and  the  K  absorption  frequency,  and  the  latter  is  denoted  by  vr. 
The  succeeding  absorption  edges  in  the  sense  of  decreasing  frequency 
are  marked  by  the  symbols  Li,  Ln,  Lm;  Mi,  Mu,  Mm,  Miv,  Mv;  Ni, 
and  others  which  the  reader  will  seldom  encounter.  To  each  there  corre- 
sponds a  class  of  electrons  in  the  atom,  and  (in  the  model)  an  orbit  or  a 
location  for  the  electrons  of  this  class;  and  the  symbols  are  employed 
for  these  classes  and  for  the  frequencies  of  their  absorption  edges.  A 
list  of  the  absorption  frequencies  of  an  atom  is  thus  the  first  step  toward 
a  map  of  the  atom  itself. 

As  we  pass  along  the  table  of  the  elements  from  the  heaviest  (uraniiuii) 
down  toward  the  lightest  (hydrogen),  each  absorption  edge  is  shifted  step 
by  step  toward  lower  frequencies,  and  each  in  turn  fades  out.  The 
shifting  is  due  to  the  decrease  in  nuclear  charge;  the  positive  charge  at 
the  nucleus  of  the  silver  atom,  for  instance,  is  only  a  httle  more  than  one- 
half  that  on  the  nucleus  of  the  uranium  atom,  and  it  attracts  its  K  elec- 
trons correspondingly  less  strongly,  so  that  much  less  energy  (actually 
about  a  quarter  as  much)  is  required  to  tear  one  of  them  away.  The 
vanishing  of  the  edge  is  due  to  the  fact  that  each  atom  has  one  electron 
fewer  than  the  one  next  beyond  it  in  the  table  of  the  elements,  so  that  one 
class  after  another  is  emptied  as  we  proceed  down  the  list. 

The  facts  that  absorption  of  X-rays  entails  extraction  of  electrons  and 
that  these  electrons  are  often  endowed  with  a  large  kinetic  energy,  are 
of  the  first  importance  in  respect  to  all  the  actions  and  powers  of  X-rays. 
Practically  all  of  the  electrical  effects  produced  by  a  beam  of  X-rays 
traversing  a  sheet  of  matter  are  due  primarily  to  these  electrons — often 
called  "secondary  electrons" — which  themselves  plough  through  the 
matter  ionizing  the  atoms  very  abundantly  until  they  use  up  all  their 

"  The  reader  will  see  that  the  quantity  [eW,  -  eWa)  should  be  included  in  hvo, 
but  it  is  usually  so  very  small  a  fraction  of  hvo  that  it  is  commonly  ignored. 


24  BIOLOGICAL  EFFECTS  OF  RADIATION 

energy  and  are  brought  to  a  stop;  and  the  biological  effects  must  be  due 
either  to  these  electrical  effects  or  to  something  as  yet  unknown. 

It  must  be  mentioned  at  this  point  that  the  so-called  "absorption 
coefficient"  of  a  given  substance  for  a  given  beam  of  X-rays  is  frequently 
so  defined  as  to  take  account  not  only  of  absorption  in  the  foregoing 
sense,  but  also  of  scattering— a  phenomenon  to  be  discussed  in  a  later 
section. 

X-RAY  EMISSION  SPECTRA 

Emission  of  light  is  the  converse  phenomenon  to  absorption.  While 
I  began  the  discussion  of  absorption  by  speaking  of  the  optical  spectrum, 
there  are  reasons  for  reversing  the  procedure  in  dealing  with  emission,  and 
beginning  with  that  of  X-rays. 

X-ray  emission  spectra  are  Hne  spectra ;  and  each  line  (with  the  excep- 
tion of  some  extremely  faint  ones)  has  a  frequency  which  is  the  difference 
between  the  frequencies  of  two  absorption  edges. 

This  principle  has  an  important  meaning.  For  definiteness  let  us 
take  the  line,  in  the  spectrum  of  some  heavy  element,  of  which  the 
frequency  is  the  difference  between  that  of  the  K  absorption  edge  and  that 
of  the  Lii  absorption  edge.  The  photons  of  the  line  have  each  an  energy 
which  is  the  difference  between  the  energy  required  to  extract  a  K  electron 
and  the  energy  required  to  extract  an  L^  electron.  We  now  imitate  the 
usage  introduced  in  dealing  with  absorption  series  in  optical  spectra. 
The  energy  required  to  extract  a  K  electron  is  the  difference  between  the 
energy  of  the  atom  in  its  normal  state  with  all  of  its  electrons  present, 
and  the  energy  of  the  atom  in  a  particular  abnormal  state  with  one 
K  electron  missing — one  vacancy  in  the  K  class,  let  me  say.  The  energy 
required  to  extract  an  L^  electron  is  the  difference  between  the  energy 
of  the  atom  in  its  normal  state  aforesaid  and  the  energy  of  the  atom  in 
another  particular  abnormal  state  with  a  vacancy  in  the  L„  class.  Sub- 
tract the  latter  from  the  former:  the  result  is  the  difference  between  the 
energy  of  the  atom  with  a  vacancy  in  the  K  class,  and  the  energy  of  the 
atom  with  a  vacancy  in  the  L„  class.  This  becomes  much  more  concrete 
if  I  introduce  a  metaphor.  A  photon  of  the  line  in  question  will  he  emitted, 
when  an  electron  falls  from  its  place  in  the  L,,  class  to  a  vacancy  existing 
in  the  K  class,  and  the  atom  releases  the  energy  thus  made  free. 

Each  of  the  principal  lines  of  an  X-ray  emission  spectrum  is  correlated 
in  this  manner  with  a  transition,  in  which  an  electron  passes  from  one  class 
—or,  to  use  a  commoner  word,  from  one  "shell"— to  another,  leaving  a 
vacancy  in  the  shell  whence  it  comes  and  filling  a  vacancy  in  the  shell 
to  which  it  goes.  We  may  also  say  that  the  atom  makes  a  transition 
between  a  state  distinguished  by  a  vacancy  in  one  shell,  and  a  state 
distinguished  by  a  vacancy  in  another  shell.     Like  other  pictures  to  which 
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I  have  already  alluded  in  this  essay,  that  of  the  electron  literally  falling 
from  one  place  to  another  in  the  atom  is  probably  too  definite,  but  there 
is  no  reasonable  objection  to  making  use  of  its  convenience  while  remem- 
bering that  a  contemporary  theorist  might  prefer  a  different  image  or 
none  at  all. 

The  line  which  I  used  as  an  illustration  is  called  the  Ka2  line.  It 
belongs  to  the  K  series,  which  is  composed  of  all  the  lines  due  to  electrons 
which  fall  from  various  outer  shells  into  a  vacancy  in  the  K  series.  The 
corresponding  transitions  thus  have  in  common  their  initial  state,  the 
state  of  an  atom  with  a  vacancy  in  the  K  shell;  they  have  different  final 
states,  one  being  the  state  of  an  atom  with  a  vacancy  in  the  Ln  shell, 
another  the  state  of  an  atom  with  a  vacancy  in  the  Lm  shell,  and  so  forth. 
The  lines  of  the  K  series  of  a  heavy  element  lie  relatively  close  together 
and  well  apart  from  all  the  other  lines,  having  considerably  greater 
frequencies  (five  or  ten  times  as  great)  than  the  rest.  There  is  also  an 
Lj  series,  composed  of  lines  due  to  electrons  which  fall  from  various  outer 
shells  into  a  vacancy  in  the  L^  shell;  an  Lu  series,  and  series  for  various 
other  shells.  All  of  these  series  lie  closer  together  (on  the  frequency 
scale)  than  the  K  series  to  any  of  them,  and  some  overlap,  making  a 
very  intricate  spectrum.  The  notation  for  X-ray  emission  lines  is 
complicated  and  obscure. 

PRODUCTION  OF  X-RAYS 

X-rays  are  produced  chiefly  by  projecting  streams  of  electrons  against 
blocks  or  "targets"  of  metal,  occasionally  by  projecting  X-rays  from 
another  source  against  the  metal  from  which  it  is  desired  to  evoke  the 
characteristic  rays.  The  theory  outlined  in  foregoing  sections  enables  us 
to  understand  some  striking  peculiarities  of  these  modes  of  production. 

Suppose  first  a  stream  of  electrons,  each  having  kinetic  energy  U, 
impinging  upon  a  block  of  an  element  having  K  absorption  frequency  vk- 
According  to  the  theory,  no  line  of  the  K  series  can  be  emitted  unless 
there  is  a  vacancy  in  the  K  shell,  into  which  an  electron  may  fajl  from 
some  outer  shell.  The  lines  of  the  K  series  cannot  therefore  be  produced, 
unless  K  electrons  are  constantly  being  knocked  out  of  the  atoms.  To 
achieve  this  the  impinging  electrons  must  have  at  least  that  energy  hvx 
which  we  have  just  identified  as  the  energy  needful  to  extract  a  K  electron 
from  an  atom.  We  must  therefore  expect  that  as  U  is  increased,  none 
of  the  lines  of  the  K  series  will  appear  before,  and  all  of  them  will  appear 
when  U  attains  the  value  hvx. 

This  is  verified  by  experiment.  It  is  a  remarkable  experience  to 
compare  a  spectrum  obtained  with  U  just  below  hvK  with  a  spectrum 
obtained  when  U  is  only  a  little  above  hvK]  the  whole  K  series,  entirely 
absent  from  the  former,  is  conspicuous  in  the  latter.     The  corresponding 
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rule  holds  for  each  of  the  other  series.  When  the  impinging  beam 
consists  of  photons  instead  of  electrons,  the  hke  is  observed.  Photons 
are  not  capable  of  producing  any  line  of  an  X-ray  series,  unless  their 
frequency  is  superior  to  that  of  the  absorption  edge  corresponding  to  the 

series. 

However,  the  spectrum  of  the  X-rays  produced  by  fast  electrons 
impinging  against  a  metal  does  not  consist  exclusively  of  the  lines  of 
which  I  have  just  been  speaking.  Indeed  it  consists  chiefly  of  a  con- 
tinuum ;  there  are  X-rays  of  every  frequency  from  the  least  which  can  be 
detected  up  to  a  sharply  defined  maximum  v^^,,  which  is  related  to  the 
kinetic  energy  U  of  the  electrons  by  the  famihar-looking  equation 

/iv„..  =  U  (18) 


max 


This  is  interpreted  as  follows:  The  impinging  electrons,  as  they  penetrate 
into  the  metal,  swiftly  lose  their  energy;  some  by  spending  it  in  dislodging 
electrons  from  the  atoms  and  thus  bringing  about  the  eventual  emission 
of  X-ray  spectrum  hnes,  but  others— and  the  majority— simply  by 
making  collisions  (presumably  with  atoms  or  electrons)  in  which  they  are 
abruptly  slowed  down  or  "braked,"  and  the  kinetic  energy  which  they 
lose  is  transformed  immediately  into  photons.  Different  electrons  may 
lose  different  fractions  of  their  energy  in  different  collisions,  but  no 
electron  can  lose  more  than  the  total  of  its  initial  energy  [/  in  a  single 
collision,  and  therefore  no  photon  can  have  an  energy  greater  than  U. 
The  X-rays  of  the  frequency  v^,,,  which  constitutes  the  upper  limit  of 
the  continuum,  are  due  to  the  relatively  few  cases  in  which  impinging 
electrons  lose  the  whole  of  their  energy  in  one  single  operation  the  very 
moment  they  strike  the  metal;  while  all  the  other  X-rays  of  the  con- 
tinuum are  due  to  cases  in  which  impinging  electrons  lose  their  energy  in 

steps. 

The  X-ray  spectrum  of  an  ordinary  X-ray  tube  thus  consists  of  a 
continuum,  on  which  various  spectrum  lines  are  superposed.  It  is  quite 
possible  to  choose  a  particular  energy  U  for  the  electrons  bombarding  a 
target  of  a  particular  metal,  such  that  U/h  is  greater  than  the  frequencies 
of  one  or  more  of  the  K  lines,  but  less  than  the  frequency  pk  of  the 
K  absorption  edge.  In  such  a  case  the  continuum  runs  smoothly  through 
the  frequencies  of  the  K  series  without  exhibiting  a  single  peak  at  any  of 
them;  the  peaks  spring  up  above  it  when,  and  only  when,  U  is  increased 
past  hvK  and  the  upper  limit  of  the  continuimi  has  moved  on  past  vk.  If 
we  select  a  very  narrow  range  of  frequencies  around  some  particular 
frequency  v,  measure  the  energy  E  of  the  X-rays  lying  within  this  range, 
and  plot  it  as  a  function  of  U,  we  find  that  as  U  is  increased,  E  remains 
zero  until  U  reaches  hv,  after  which  it  rises  very  sharply  and  rapidly.  If 
V  coincides  with  the  frequency  of  some  line  of  the  K  series,  the  rate  of 
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increase  of  E  with  increasing  U  becomes  sharply  greater  when  U  reaches 
hvK.  If  we  hold  U  constant,  divide  the  X-ray  spectrum  into  consecutive 
small  equal  ranges  of  wave-length,  measure  E  for  each  of  these,  and  plot 
E  as  function  of  wave-length,  we  obtain  the  distribution-in-energy  curve 
of  the  continuum :  this  has  a  maximum  at  a  wave-length  about  half  again 
as  great  as  that  of  the  upper  frequency  limit,  and  after  passing  the 
maximum,  it  drops  sharply  to  the  axis  of  abscissae  at  X  =  ch/U.  The 
general  shape  of  the  curve  varies  little  from  one  element  to  another,  and 
its  upper  end  is  the  same  for  all  elements,  as  we  have  just  seen;  but  its 
height  and  the  area  under  it — the  total  energy  radiated  in  the  form  of 
X-rays — increase  rapidly  in  passing  in  the  direction  of  increasing  atomic 
weight  along  the  table  of  the  elements.  At  best,  however,  the  total 
energy  radiated  in  X-rays  is  less  than  1  per  cent  of  what  the  impinging 
electrons  possess;  the  rest  appears  as  optical  radiation  or  as  heat. 

X-rays  may  be  generated  by  projecting  another  beam  of  X-rays 
against  a  piece  of  matter;  when  so  produced,  they  are  known  as  "fluores- 
cent X-rays."  They  comprise  only  the  spectrum  lines  of  the  elements 
present  in  the  irradiated  mass,  without  a  continuimi  (except  for  such  a 
feeble  one  as  may  be  produced  by  electrons  released  within  the  matter 
and  stopped  before  they  emerge  from  it) .  This  is  desirable  in  many  ways ; 
but  unfortunately  fluorescent  X-rays  are  always  far  weaker  than  the 
beams  which  may  be  generated  by  strong  electron  bombardment.  The 
law  connecting  the  lines  which  are  produced  with  the  frequency  of  the 
irradiating  rays  may  be  deduced  by  the  reader  from  what  has  already 
been  said. 

An  effect  alternative  to  the  production  of  X-ray  spectrum  lines  is  of 
much  theoretical  interest.  Imagine  an  atom  from  which  a  K  electron  has 
been  expelled,  leaving  behind  a  vacancy  which  is  presently  filled  by  an 
electron  dropping  into  it  from  the  L„  shell.  As  I  have  already  said,  it  is 
common  for  this  second  process  to  be  accompanied  by  the  emission  of 
a  photon,  bearing  off  with  it  the  energy  {hvK  —  hvLn).  On  the  other 
hand,  it  is  possible  for  extra  electrons  to  be  emitted  in  place  of  the 
photon,  precisely  as  if  this  corpuscle  of  light  had  been  reabsorbed  in  the 
very  atom  whence  it  was  about  to  emerge,  and  had  employed  its  energy 
in  ejecting,  say,  an  M^  electron;  we  find  electrons  coming  out  of  the 
substance  possessing  the  kinetic  energy  (hvK  —  hvLu  —  hvui),  which 
when  added  to  the  energy  hvui  required  to  extract  the  Mi  electron  is  none 
other  than  the  energy  of  the  vanished  photon.  It  is  possible  for  two  or 
three  electrons  to  be  ejected  simultaneously  in  this  fashion.  The  effect 
is  known  as  the  Auger  effect  or  as  "internal  conversion."  Whether  one 
should  imagine  the  photon  as  enjoying  a  temporary  though  very  brief 
existence  between  the  inward  falling  of  the  electron  which  starts  the 
process,  and  the  outward  springing  of  the  observed  emerging  electrons,  or 
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whether  one  should  eschew  such  a  picture  and  simply  imagine  the  entire 
process  of  inf ailing  and  emergence  taking  place  en  bloc,  may  be  left  to  the 
individual's  taste. 

PRODUCTION  OF  LIGHT  OF  THE  OPTICAL  SPECTRUM :  ELECTRICAL 

MEANS 

The  theoretically  most  intelligible  way  of  producing  light  of  the  optical 
spectrum  is  to  bombard  a  gas  with  electrons  of  definite  and  controllable 
speed.  Suppose  such  a  gas  as  mercury  vapor  or  sodium  vapor,  which 
when  cool,  rarefied,  and  unexcited  (page  16)  displays  an  absorption 
spectrimi  consisting  of  a  line  series.  Denote  by  vi,  v^,  vs,  .  .  .  the 
frequencies  of  the  successive  lines  of  this  series,  starting  from  that  of 
lowest  frequency;  by  vn^  the  limit  frequency.  As  I  have  said  already, 
the  quantities  hvi,  hv^,  hvz  are  the  energies  of  various  stationary  states  of 
the  atom  of  the  vapor  in  question,  referred  to  that  of  the  normal  state  as 
zero  of  energy. 

If  the  law  of  production  of  spectrum  lines  were  the  same  in  this 
region  as  in  the  X-ray  region,  an  emission  spectrum  composed  of  all  of 
these  lines  should  suddenly  appear  in  its  completeness  when,  and  not 
before,  the  kinetic  energy  of  the  impinging  electrons  attains  the  value 
/ij'iini.  This,  however,  is  not  the  case.  Under  ideal  experimental  condi- 
tions these  lines  appear  successively  in  emission,  the  first  when  the  energy 
U  of  the  electrons  attains  hvi,  the  second  when  U  attains  hv^,  and  so  forth. 
This  is  just  what  is  to  be  expected,  in  view  of  the  fact  that  photons  having 
these  energies  are  absorbed  by  the  atoms.  The  electrons,  of  which  the 
transitions  are  responsible  for  these  lines,  are  able  at  any  time  to  go  from 
the  normal  location  or  "orbit"  to  any  one  of  the  outer  orbits.  We  say 
that  this  is  because  the  outer  orbits  concerned  in  optical  spectra  are 
normally  empty,  while  those  concerned  in  X-ray  spectra  are  normally 
full.  A  K  electron  in  a  gold  atom  cannot  be  transposed  into  the  Lu  orbit 
or  shell  (these  two  words  are  used  almost  interchangeably)  because  there 
is  already  the  prescribed  niunber  of  electrons  in  this  shell  and  no  more 
can  be  added.  It  must  either  be  left  altogether  alone  or  thrown  clear 
out  of  the  atom.^i     But  the  electron  in  the  normal  state  of  the  hydrogen 


^1  If  a  photon  or  an  electron  of  sufficient  energy  should  impinge  on  an  atom  just 
when  there  happened  to  be  a  vacancy  in,  say,  the  Lu  shell,  there  is  certainly  no 
obvious  reason  why  it  should  not  push  a  K  electron  up  into  that  vacancy;  but  the 
chance  of  an  impact  at  just  such  a  moment  is  so  slight  that,  so  far  as  I  know,  the 
effect  has  not  been  observed. — It  also  seems  to  be  possible  for  K  electrons  to  be 
transferred  into  vacant  orbits  in  the  periphery  of  the  atom,  but  the  effect  is  probably 
of  no  practical  importance  (it  discloses  itself  in  narrow  spectrum  lines  near  an  absorp- 
tion edge). 
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atom  can  be  transposed  at  any  time  into  any  one  of  those  outer  orbits  for 
which  the  energy  values  are  given  by  the  formula  Rhl  1  —  ^  j,  with 

any  integer  substituted  for  n;  for  these  orbits  are  always  vacant,  except 
when  that  electron  itself  has  just  been  shifted  to  one  of  them. 

Production  of  spectrum  lines  in  this  manner — by  a  stream  of  electrons 
of  definite  and  controllable  energy,  just  sufficient  to  excite  one  or  a  few 
lines — is  unusual,  except  for  definite  purposes  of  research.  It  is  some- 
times fairly  easy  to  get  the  first  line  of  a  series  by  itself  ("single-line 
spectrimi"),  but  the  following  lines  are  so  close  together  that  it  is  often 
difficult  and  before  long  impossible  to  form  an  electron  beam  of  suffi- 
ciently sharply  defined  speed  to  bring  one  line  out  clearly  without  bringing 
out  the  next  one  appreciably.  Then  too,  the  electron  beam  must  not  be 
very  strong — i.e.,  there  must  not  be  too  many  electrons  per  centimeter 
squared  per  second — or  atoms  will  suffer  impacts  from  two  electrons  in 
quick  succession  and  lines  will  be  emitted  which  no  single  impact  could 
produce.     Usually  the  gas  is  made  the  theater  of  an  electrical  discharge. 

There  is  a  great  variety  of  electrical  discharges,  and  a  great  part  of  the 
art  of  spectroscopy  consists  in  knowing  which  to  use  and  for  which  spec- 
trum lines.  In  all  of  them,  the  gas  is  traversed  by  electrons  having 
kinetic  energy  superior  to  the  ionizing  energy  of  the  atoms  or  molecules, 
so  that  at  any  moment  a  certain  proportion  of  these  are  ions  (rarely, 
however,  more  than  a  few  per  cent)  while  neutral  particles  are  constantly 
being  converted  into  ions  to  keep  the  balance  while  ions  are  resuming 
the  neutral  state  by  capturing  electrons.  Nearly  always  the  voltage 
between  cathode  and  anode,  when  multiplied  by  the  charge  of  an  electron, 
gives  a  product  eV  greater  than  the  ionizing  energy  of  the  gas — we  say 
that  the  voltage  is  greater  than  the  ionization  potential;  but  there  are 
some  curious  exceptions  to  this  rule,  for  there  may  be  places  in  a  discharge 
where  the  potential  is  lower  than  at  the  cathode  or  higher  than  at  the 
anode,  or  there  may  be  electrical  oscillations  capable  of  communicating 
more  energy  to  an  electron  than  it  could  get  by  falling  unimpeded  from 
cathode  to  anode.  The  cathode  may  be  cold  {i.e.,  not  incandescent), 
in  which  case  the  potential  difference  between  it  and  the  anode  must  be 
of  the  orders  of  hundreds  or  thousands  of  volts;  or  it  may  be  intensely 
hot,  in  which  case  the  potential  difference  may  amount  to  only  a  few  volts. 
The  latter  discharge  or  "arc"  is  generally  far  hotter  and  more  luminous 
than  the  former  discharge  or  "glow."  The  latter  is  sometimes  main- 
tained in  a  gas  of  atmospheric  density,  the  former  nearly  always  in  a 
tube  where  the  gas  pressure  is  only  a  few  thousandths  of  that  character- 
istic of  the  atmosphere.  Intermediate  cases  may  be  realized  by  making 
the  cathode  in  the  form  of  a  filament  to  which  heat  may  be  supplied  from 
an  independent  battery. 
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Owing  to  the  variety  of  the  electron  speeds  represented  in  a  discharge, 
one  must  not  expect  to  get  emission  spectra  composed  of  a  single  lin.e  or 
even  of  a  single  series.  When  an  atom  has  been  "excited"  to  one  of  its 
upper  stationary  states,  it  need  not  (sometimes  indeed  it  cannot)  return 
direct  by  a  single  transition  to  its  normal  state.  There  is  a  tremendous 
network  of  possible  transitions  between  the  many  stationary  states  of 
which  an  atom  is  capable,  and  in  a  discharge  a  great  many  of  these 
transitions  are  perceptibly  represented,  giving  rise  to  spectra  immensely 
more  rich  and  complicated  than  the  absorption  spectrum  of  the  rarefied, 
cool,  and  unexcited  gas.  With  certain  kinds  of  atoms  spectroscopists 
have  found  it  necessary  to  produce  the  absorption  spectrum  (sometimes 
a  difficult  matter,  in  the  cases  of  metals  of  high  boiling  point)  before  they 
could  make  much  headway  with  the  analysis  of  the  emission  spectrum. 

While  the  brilliance  of  the  arc  makes  it  often  the  most  convenient 
source  of  spectrum  lines,  this  advantage  is  often  bought  by  the  sacrifice 
of  other  desirable  qualities,  such  as  sharpness  and  narrowness  of  the  lines. 
Hotness  tends  to  broaden  a  line,  because  the  speed  at  w^hich  an  atom  is 
moving  affects  the  wave-length  of  its  radiation;  density  of  gas  tends  to 
broaden  it,  because  when  two  atoms  come  close  together,  the  electric 
field  of  each  perturbs  the  other  and  alters  the  energy  values  of  its  station- 
ary states.  The  gas  in  an  arc  is  hotter  and  (usually)  denser  than  the  gas 
in  a  glow,  and  this  produces  the  undesired  effects.  Indeed,  a  striking 
and  paradoxical  effect  is  well  known  to  occur,  by  virtue  of  which  an  arc 
may  fail  to  send  out  precisely  those  wave-lengths  which  one  expects  to  be 
the  most  prominent  in  its  spectrum.  Suppose  a  vapor  having  a  strong 
spectrum  line  corresponding  to  a  transition  between  the  normal  state  and 
some  excited  state,  the  wave-length  of  this  fine  being  given  in  the  tables 
as  Xo.  Form  a  glow  discharge  in  a  cool  and  rarefied  sample  of  this 
vapor;  the  line  will  be  very  narrow,  extending,  say,  between  two  wave- 
lengths \o  —  X  and  Xo  -|-  x,  where  x  is  only  a  few  millionths  of  Xq.  Form 
an  arc  discharge  in  a  dense  sample  of  this  vapor;  the  fine  will  be  very 
broad,  extending,  say,  between  wave-lengths  \o  —  y  and  Xo  -|-  y,  where  y 
may  be  hundreds  of  times  as  great  as  x.  The  light,  however,  will  be 
emitted  from  the  "core"  or  central  portion  of  the  gas  containing  the  arc, 
and  this  core  will  be  surrounded  by  cooler  and  relatively  less  excited  gas. 
Atoms  in  this  region  will  absorb  photons  of  the  same  wave-lengths  as  they 
could  emit,  which  is  to  say,  photons  of  wave-lengths  between  \o  —  x 
and  Xq  -|-  x.  The  photons  of  the  middle  of  the  broadened  line,  those 
having  the  wave-length  assigned  to  the  line  in  the  tables,  will  be  absorbed 
before  they  escape  from  the  region  of  the  arc,  while  those  of  the  "wings" 
of  the  broadened  fine  will  make  their  exit  without  impediment.  The 
result  is  the  same  as  if  the  arc,  instead  of  emitting  the  line  Xo,  emitted  two 
lines  one  on  each  side  of  it!     This  is  very  serious  in  cases  where  the  light 
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is  to  be  used  to  produce  a  resonance-effect  or  some  other  which  only  the 
wave-length  Xo  can  have.     The  effect  is  known  as  "self-reversal." 

The  electric  spark  is  a  source  of  light  distinguished  by  high  voltage  and 
high  current  density,  qualities  bought  at  the  sacrifice  of  duration.  Its 
spectrum  displays  lines  of  the  gas  through  which  it  passes  and  lines  of  the 
elements  to  be  found  in  the  electrodes  between  which  it  springs.  Some  of 
these  are  not  found  in  the  ordinary  arc  spectra  of  these  elements  and 
are  known  as  "spark  lines."  Shortly  after  the  advent  of  Bohr's  atom 
model,  it  was  reaUzed  that  these  are  spectrum  lines  of  atoms  which  have 
lost  one  or  more  of  their  normal  quota  of  electrons,  the  transitions 
responsible  for  these  Unes  taking  place  among  the  electrons  remaining. 
Conditions  in  the  spark  are  evidently  more  favorable  than  those  in  the  arc 
for  maintaining  a  perceptible  percentage  of  such  ionized  atoms  in  excited 
states.  Of  late  years  the  study  of  these  lines  has  grown  enormously, 
partly  because  of  the  development  of  the  technique  of  spectroscopic 
research  in  the  far  ultra-violet  (Schumann  and  Lyman  regions)  where 
most  of  them — though  not,  of  course,  the  early-discovered  spark  lines — 
are  to  be  found ;  partly  because  they  can  now  be  produced  in  steady  glow 
discharges  of  moderately  high  voltages  with  independently  heated 
cathodes.  It  is  even  possible  to  map  the  spectra  of  certain  atoms 
(tellurium  for  instance)  which  lack  no  fewer  than  eight  of  their  normal 
quota  of  electrons !  There  are,  for  instance,  no  fewer  than  seven  known 
spectra  of  tellurium,  designated  in  their  order  by  the  symbols  Te  I 
{i.e.,  tellurium  I),  Te  II,  .  ,  .  Te  VII,  in  which  the  Roman  numeral 
stands  for  one  more  than  the  number  of  missing  electrons.  There  are 
consequently  also  no  fewer  than  seven  spectra — all  of  them  known,  and 
designated  as  palladium  I,  silver  II,  cadmium  III,  indium  IV,  tin  V, 
antimony  VI,  tellurium  VII — corresponding  to  various  atoms  all  with  the 
same  number  of  electrons,  i.e.,  46,  and  nuclear  charges  running  from 
46  to  52,  inclusive.  The  detailed  comparisons  between  all  of  these 
spectra  are  of  great  importance  for  atomic  theory. 

PRODUCTION  OF  LIGHT  OF  THE  OPTICAL  SPECTRUM :  OPTICAL  MEANS 

When  a  beam  of  hght  of  frequency  v  falls  upon  a  cool,  rarefied,  and 
unexcited  gas,  the  results  depend  upon  whether  or  not  v  coincides  with  the 
frequency  of  one  of  the  absorption  lines.  If  there  is  no  coincidence,  we 
observe  the  phenomenon  of  scattering — with  or  without  change  of  fre- 
quency— which  will  be  the  topic  of  subsequent  sections.  If  there  is 
coincidence,  some  of  the  photons  will  be  absorbed  by  atoms,  putting 
these  into  excited  states.  From  these  excited  states  the  atoms  may 
spontaneously  return  to  normal,  emitting  photons  exactly  like  those  which 
they  absorbed.  This  is  the  simplest  of  all  cases  of  the  production  of  light 
by  light,  the  new  kind  being  identical  with  the  old.     The  atoms  may. 
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however,  pass  spontaneously  into  other  states,  intermediate  between  the 
normal  state  and  the  one  into  which  they  were  transferred  by  the  absorp- 
tion; they  then  emit  photons  of  lesser  energy  and  lesser  frequency  than 
those  which  they  absorbed.  This  is  a  more  complex  case  of  production 
of  light,  the  new  kind  being  of  different  quality  from  the  old. 

The  former  phenomenon  is  most  striking  in  such  a  case  as  that  of 
sodium  vapor  irradiated  by  the  yellow  line  X5896  A.  The  atoms  are 
transferred  into  an  excited  state  which  is  "next"  in  energy  to  the  normal 
state,  in  the  sense  that  there  is  no  state  of  intermediate  energy.  It  is 
therefore  impossible  for  them  to  quit  their  excited  state  in  any  other  way 
than  by  radiating  the  same  kind  of  photon  which  they  received  (unless 
they  have  interactions  with  other  atoms  or  other  photons,  as  I  shall  later 
mention) ;  and  the  emission  of  X5896  in  all  directions  from  a  tubeful  of 
sodium  vapor,  into  which  a  beam  of  such  light  is  projected  from  a  single 
direction,  can  be  spectacular.  Another  case  in  which  this  effect  is  very 
strong  is  that  of  mercury  vapor  irradiated  by  the  ultra-violet  line  X2536, 
although  here  the  excited  state  is  not  next  (in  the  foregoing  sense)  to  the 
normal  state,  and  the  invisibility  of  the  light  deprives  the  phenomenon 
of  its  spectacular  quality.  In  general,  one  expects  a  conspicuous  effect 
of   this    kind  when  a  vapor  is  irradiated  by  the  first  line    {i.e.,  the 
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line  of  lowest  frequency)  of  its  absorption  series ;  5896  A  of  sodium  and 
2536  A  of  mercury  are  of  this  class.  These  are  known  as  cases  of  "reso- 
nance radiation,"  the  first  fine  of  an  absorption  series  being  called  the 
"resonance  line." 

The  more  complex  phenomenon — the  production,  by  light  capable  of 
transferring  atoms  from  the  normal  state  N  to  an  upper  excited  state  A,  of 
photons  due  to  transitions  from  A  to  other  excited  states  B,  C,  D,  .  .  . 
intermediate  (in  energy)  between  N  and  A — can  easily  be  demonstrated. 
It  is  most  striking  with  gases  in  which  the  atoms  are  joined  into  diatomic 
molecules,  on  account  of  the  extraordinary  profusion  of  stationary  states 
having  energies  very  close  together  and  the  consequent  extraordinary 
profusion  of  lines.  Thus,  if  sodium  vapor  or  iodine  vapor  (both  of  which 
contain  a  large  proportion  of  diatomic  molecules  Na2  or  I2,  as  well  as  atoms 
Na  or  I)  be  irradiated  by  a  beam  of  monochromatic  light  of  almost  any 
frequency  whatever  (in  the  visible  or  ultra-violet)  the  chances  are  very 
good  that  this  frequency  will  be  capable  of  transferring  the  molecules  into 
some  stationary  state  from  which  they  will  then  be  capable  of  making 
transitions  into  dozens,  nay  even  hundreds,  of  intermediate  states.  The 
single  irradiating  frequency  will  then  evoke  a  "resonance  spectrum" 
of  dozens  or  hundreds  of  lines ;  and  another  irradiating  frequency  differing 
from  the  first  one  by  only  a  few  parts  in  a  hundred  thousand  will  evoke 
another  resonance  spectrum  of  dozens  or  hundreds  of  totally  different 
hnes. 
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From  my  description  of  the  mechanism  of  the  production  of  Ught  by 
light,  the  reader  will  infer  that  the  produced  Hght  is  always  of  lesser 
frequency  and  greater  wave-length,  or  else  of  the  same  frequency  and 
wave-length,  as  the  producing  light.  This  is  a  nearly  but  not  quite  uni- 
versal rule  of  experience;  it  was  discovered  long  before  the  advent  of  the 
current  notions  of  light  and  atomic  structure  and  bears  the  name 
"Stokes's  law." 

The  exceptions  to  Stokes's  law  do  not  invalidate  these  current  notions 
but  are  brought  about  by  interesting  special  causes.  With  molecular 
gases  there  is  no  single  state  sufficiently  distinguished  from  its  neighbors 
to  be  called  "the  normal  state."  Instead,  the  state  of  lowest  energy  may 
have  dozens  of  neighboring  states,  whereof  the  energy  values  exceed  its 
own  by  so  little  that  in  a  gas  at  room  temperature  there  are  great  numbers 
of  molecules  in  each  of  them.  Say  that  in  order  of  increasing  energy 
these  states  are  denoted  by  A^o,  Ni,  N2,  ....  It  is  then  possible  for  the 
following  pair  of  events  to  occur:  a  molecule  in,  say,  state  A^2  absorbs  a 
photon  of  energy  hv  and  is  thereby  transferred  into  an  excited  state  A, 
from  which  it  subsequently  makes  a  spontaneous  transition  into  the 
state  No.  The  photon  emitted  in  this  second  event  has  an  energy  which 
is  greater  than  that  of  the  original  photon  by  the  amount  of  the  energy 
difference  between  the  states  A^o  and  A^2;  the  produced  light  is  of  higher 
frequency  than  the  producing  light,  and  there  is  an  exception  to  Stokes's 
law,  sometimes  called  an  "  anti-Stokesian "  line.  Exceptions  of  another 
type  will  be  mentioned  presently. 

Another  interesting  phenomenon  occurs  when  the  irradiating  light  is 
very  intense.  Imagine  an  atomic  gas,  and  consider  four  of  the  stationary 
states  of  its  atoms:  the  normal  state  N  and  excited  states  A,  B,  C.  Sup- 
pose the  gas  illuminated  by  light  of  two  frequencies  simultaneously:  the 
frequency  NA — by  which  I  mean  that  of  which  the  photon  energy  is  just 
equal  to  the  energy  difference  between  N  and  A —  and  the  frequency 
AC.  The  photons  of  the  former  will  transfer  the  atoms  which  they 
strike  into  the  state  A.  The  photons  of  the  latter  will  have  no  effect  on 
normal  atoms;  but  if  one  of  them  happens  to  strike  an  atom  which  is  in 
the  state  A  by  virtue  of  having  just  been  struck  (within  a  very  short 
time  interval — see  below)  by  a  photon  of  the  former  frequency,  it  may  be 
absorbed  and  transfer  the  atom  into  state  C.  From  this  state  the  atom 
may  proceed  spontaneously  to  state  B,  so  that  emission  of  the  line  BC 
will  be  produced  by  simultaneous  irradiation  with  the  two  frequencies 
NA  and  AC,  though  not  by  irradiation  with  either  frequency  separately. 
Now  suppose  that  the  intensity  of  both  of  the  irradiating  lines  is  doubled. 
The  intensity  of  the  Hne  BC  emitted  from  the  gas  will  then  be  quadrupled; 
for  the  chance  of  a  given  atom  being  struck  by  a  photon  of  the  frequency 
AC  within  a  short  time  interval  after  it  is  struck  by  a  photon  of  the 
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frequency  NA  will  be  proportional  to  the  product  of  the  numbers  of  both 
kinds  of  photons.  However,  the  intensity  of  such  a  line  as  would  be 
designated  by  the  symbol  AN,  emitted  by  virtue  of  a  spontaneous 
transition  occurring  after  a  normal  atom  has  been  struck  by  a  photon 
of  the  frequency  NA  and  not  requiring  the  collaboration  of  a  second 
photon,  will  be  doubled.  This  difference  in  the  behavior  of  the  two  kinds 
of  lines  has  been  observed. 

The  "short  time  interval"  of  which  I  have  just  spoken  is  the  "life"  or 
duration  of  the  excited  state — the  state  A,  in  this  illustration.  If  we 
could  put  a  large  number  of  atoms  into  the  same  excited  state  and 
measure  in  each  individual  case  the  length  of  time  elapsing  before  it  leaves 
this  state  by  a  spontaneous  transition  into  some  other  state  of  lower 
energy,  we  should  almost  certainly  find  that  these  time  lengths  are  not 
ah  the  same  but  are  distributed  according  to  the  exponential  law  or 
"law  of  chance."  The  mean  time  length  or  "mean  life"  can  be  measured, 
or  at  least  estimated,  in  a  variety  of  ways,  and  for  excited  states  such  as 
we  have  been  considering  it  is  of  the  order  of  10~^  sec. — a  very  small  value 
indeed!  The  reader  must  not,  however,  infer  that  if  he  were  to  project  a 
beam  of,  say,  the  resonance  line  of  sodium  into  sodiiun  vapor,  and  were 
to  interrupt  it  with  infinite  suddenness  at  a  certain  instant,  the  vapor 
would  absolutely  cease  to  emit  photons  of  the  resonance  frequency 
within  a  few  times  10~^  sec.  after  that  instant.  The  photons  emitted  by 
some  of  the  atoms  are  captured  by  others,  absorbed,  reemitted,  some- 
times absorbed  and  reemitted  yet  again  and  again;  and  this  process  of 
handing  around  the  energy  from  atom  to  atom  may  go  on  for  so  long  that 
the  vapor  in  a  tube  of  ordinary  size  is  still  emitting  photons  for  several 
hundred  times  10~*  sec.  after  the  irradiation  is  discontinued.  For  the 
same  reason,  it  may  be  observed  that  when  a  sharply  defined  narrow  beam 
of  light  is  sent  into  the  vapor  of  which  it  is  the  resonance  line,  the  vapor 
emits  similar  photons  not  merely  from  the  path  of  the  beam  but  also  from 
some  distance  outside  of  the  beam. 

Peculiar  and  important  phenomena  occur  when  a  mixture  of  gases  is 
irradiated  with  light  which  one  of  them  is  capable  of  absorbing  and 
another  is  not.  For  definiteness  consider  the  first  of  them  to  be  dis- 
covered, which  happens  when  mercury  and  thallium  vapors  are  mixed 
and  the  mixture  is  illuminated  with  the  resonance  line  of  mercury, 
2536  A.  As  the  term  "resonance  line"  signifies,  the  photons  of  this  hght 
are  capable  of  transferring  mercury  atoms  from  the  normal  state  A^  to  a 
certain  excited  state  A,  because  their  energy  is  equal  to  the  energy 
difference  (4.88  ev)  between  the  states  N  and  A.  Falhng  on  mercury 
vapor,  they  cause  the  emission  of  identical  photons;  but  falling  on  pure 
thallium  vapor  they  cause  no  emission  at  all,  for  thallium  atoms  have  no 
stationary  state  4.88  ev  above  the  normal,  and  therefore  cannot  absorb 
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these  photons  nor  be  excited  by  them.  Yet  it  is  observed  that  when 
exposed  to  the  irradiation,  the  mixture  of  vapors  emits  not  only  the  Hne 
2536  A  of  mercury,  but  several  lines  of  the  spectrum  of  thallium !  and  the 
like  effect  occurs  when  the  vapor  mixed  with  the  mercury,  instead  of 
being  thallium,  is  any  one  of  a  number  of  different  elements  (for  instance, 
cadmium,  silver,  lead,  bismuth,  indium,  zinc). 

It  appears  therefore  that  there  is  a  mechanism  of  direct  transfer  of 
energy  between  atom  and  atom,  not  involving  the  emission  of  a  photon 
from  one  and  its  absorption  by  the  other.  This  process  occurs  at  colli- 
sions, and  those  at  which  it  occurs  are  called  "collisions  of  the  second 
kind,"  a  name  very  much  open  to  criticism  for  its  total  lack  of  descriptive 
quality!  In  the  cases  which  I  have  just  mentioned,  some  of  the  energy 
absorbed  from  the  incident  hght  is  reradiated  in  the  form  of  light  of 
different  (usually  lower)  frequency,  so  that  these  may  be  considered  as 
additional  cases  of  the  production  of  light  by  light.  Another  case  of  this 
type  is  displayed  by  sodium:  here  we  have  a  normal  state  N  and  two 
excited  states  Ai,  A2  very  close  together,  the  transitions  between  N  and 
A I  and  those  between  N  and  A  2  corresponding  to  the  famous  yellow 
D  hues  of  sodium;  when  rarefied  sodium  vapor  is  irradiated  by  either 
D  line,  photons  of  the  same  line  only  are  emitted,  but  when  the  same 
vapor  is  mixed  either  with  hydrogen  or  with  a  much  larger  quantity  of 
sodium,  the  other  Une  appears,  proving  that  collisions  between  two 
sodium  atoms  or  between  one  sodium  atom  and  a  hydrogen  molecule  are 
capable  of  transferring  one  of  the  atoms  from  the  state  Ai  to  the  state  A  2, 
or  vice  versa! 

Even  in  these  cases,  not  all  of  the  energy  given  up  by  the  primarily 
excited  atom  reappears  as  light.  Sometimes  none  of  it  reappears  as  light, 
and  we  have,  not  a  special  case  of  the  production  of  light  by  light,  but  a 
special  case  of  the  absorption  of  light  with  its  total  conversion  into  some 
other  form  of  energy.  Thus  when  a  mixture  of  mercury  vapor  and 
hydrogen  is  irradiated  with  2536  A,  the  excited  mercury  atoms  are  able  to 
dissociate  the  hydrogen  molecules ;  this  is  especially  interesting,  since  light 
of  this  wave-length  is  not  able  to  dissociate  hydrogen  molecules  without 
the  aid  of  such  an  intermediary.  (There  are,  however,  numerous  cases  of 
molecules  which  can  be  dissociated  by  direct  absorption  of  light  12). 
Again,  the  excited  atoms  may  ionize  atoms  of  the  other  kind  present  in 
the  mixture.  There  are  also  many  chemical  changes  which  may  be 
brought  about  by  excited  atoms,  though  the  light  which  excites  them 
cannot  by  itself  bring  on  the  changes  which  after  excitation  they  are 
capable  of  producing;  but  this  idea  is  no  novelty  to  anyone  acquainted 
with  photochemistry. 

12  See,  for  instance,  an  article  of  mine  in  Chemical  Reviews  5:  451-466.  1928; 
the  subject  has,  however,  been  much  developed  since  then. 
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The  general  term  for  the  production  of  hght  by  hght  is,  of  course,  the 
famiUar  word  "fluorescence,"  which  is  often  applied  to  most  if  not  to  all 
of  the  phenomena  described  in  this  section.  "Phosphorescence"  is  a 
word  applied  by  tradition  to  cases  in  which  the  emission  of  light  endures 
for  a  readily  perceptible  time  after  the  irradiating  light  is  cut  off.  It 
is  not  exhibited  by  gases  and  therefore  is  still  comparatively  obscure.  It 
appears  to  be  most  strikingly  (if  not  exclusively)  exhibited  by  mixtures 
in  which  one  component  is  present  in  very  small  proportion  compared 
with  another. 

SCATTERING  WITHOUT  CHANGE  OF  FREQUENCY 

As  has  just  been  said,  a  beam  of  monochromatic  light  traversing  a  gas 
provokes  the  emission,  from  the  gas,  of  photons  of  identical  frequency, 
provided  that  the  common  frequency  of  incident  and  of  emitted  light  is 
coincident  with  that  of  one  of  the  absorption  lines  of  the  gas.  We 
interpret  this  as  meaning  that  photons  of  the  incident  beam  are  absorbed 
by  the  atoms  and  put  these  into  excited  states,  from  which  they  return 
to  the  normal  state  by  emitting  photons  identical  with  the  absorbed  ones. 

An  apparently  similar  phenomenon  occurs  when  there  is  no  coinci- 
dence between  the  incident  frequency  and  that  of  any  of  the  absorption 
lines:  it  is  known  as  "scattering  without  change  of  frequency."  It  is 
very  much  feebler  than  the  other;  in  order  to  perceive  it  with  the  eye 
under  laboratory  conditions,  one  must  send  a  very  strong  beam  of  light 
through  dust-free  gas  in  a  chamber  with  blackened  walls,  and  look  at 
the  path  of  the  beam  from  the  side  with  a  well-rested  and  dark-adapted 
eye.  Dust  in  the  gas  will  conceal  the  effect  entirely  by  superposing  on 
it  a  very  much  stronger  scattering  from  the  dust  particles. 

Scattering  without  change  of  frequency  is  one  of  the  phenomena  of 
light  which  are  most  readily  interpreted  by  the  classical  undulatory 
theory.  The  electrons  in  the  atoms  are  supposed  to  be  set  into  forced 
vibrations  by  the  cyclically  varying  electric  field  in  the  light  waves,  and 
thereby  to  become  radiators  of  light  themselves.  If  the  intensity  of  the 
light  is  held  constant  and  its  frequency  is  varied,  the  amplitude  of  the 
forced  vibrations  of  the  electrons  should  increase  rapidly  with  frequency 
(as  the  square  thereof).  This  accounts  for  the  blue  color  of  the  clear, 
fog-free,  and  dust-free  sky;  for  the  color  is  chiefly  dominated  by  that  part 
of  the  visible  spectrum  for  which  the  scattering  is  strongest,  and  that  is 
the  blue  part.  In  the  X-ray  region  of  the  spectrum,  the  agreement 
of  the  classical  theory  with  observation  is  so  good  that  estimates  of  the 
total  number  of  electrons  in  atoms  of  various  metals  were  made  over  a 
quarter  of  a  century  ago  from  observations  on  the  intensity  of  the  scatter- 
ing of  X-rays,  these  two  being  proportional  to  one  another  and  the  factor 
of  proportionality  being  given  by  the  classical  theory,     (This  last  state- 
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merit  is,  however,  valid  only  if  the  energy  of  the  photons  is  considerably 
greater  than  the  binding  energies  of  the  various  classes  of  electrons  in  the 
atoms.) 

With  the  corpuscular  image  there  is  no  such  elegant  interpretation  of 
scattering  without  change  of  frequency.  One  cannot  say  that  the  inci- 
dent photon  of  frequency  v  is  absorbed,  raises  the  atom  to  a  stationary 
state,  and  is  then  reemitted,  because  we  are  dealing  with  cases  in  which 
there  is  no  stationary  state  of  energy  superior  by  /iv  to  that  of  the  normal 
state.  It  is  not  altogether  satisfactory  to  say  that  the  incident  photon 
simply  bounces  off  the  atom,  for  this  picture  is  inadequate  for  some  of  the 
finer  details  of  the  process.  One  may  say  that  the  incident  photon  is 
absorbed,  raises  the  atom  to  a  "virtual"  state,  and  is  instantaneously 
reemitted;  while  this  sounds  like  a  mere  trick  of  words,  it  has  certain 
advantages  in  respect  of  the  next  process  to  be  considered. 

SCATTERING  OF  LIGHT  WITH  CHANGE  OF  FREQUENCY:  RAMAN  EFFECT; 

SELECTION  PRINCIPLES 

There  are  two  types  of  scattering  with  change  of  frequency,  one  of 
which  is  observed  in  the  optical  spectrum,  the  other  in  the  X-ray  and 
gamma-ray  regions. 

So  far  as  the  change  of  frequency  is  concerned,  the  former  of  these 
processes — the  Raman  effect — may  be  described  by  a  simple  picture  of 
the  corpuscular  type.  A  photon  of  energy  hv,  entering  a  molecular  gas 
(the  effect  is  almost  confined  to  molecular  gases,  and  to  liquids  and  solids) 
of  which  the  molecules  have  an  excited  state  A  of  which  the  energy 
reckoned  from  the  normal  state  has  a  value  Ea  less  than  hv,  impinges  on 
one  of  these  molecules  in  its  normal  state;  it  spends  the  portion  Ea  of  its 
energy  in  exciting  this  molecule,  and  flies  off  with  the  remainder  of  its 
energy  {hv  —  Ea);  owing  to  this  reduction  in  its  energy,  its  frequency  is 

reduced  from  v  to  (  v j^  )•     Thus  when  a  molecular  gas  is  illuminated 

by  a  beam  of  monochromatic  light,  the  light  emitted  from  the  gas  contains 
various  spectrum  lines,  each  of  which  is  shifted  downward  in  frequency 
from  the  incident  light  by  an  amount  equal  to  the  energy  value  of  some 
excited  state  of  the  molecule  divided  by  h.  (Cases  also  occur  of  lines 
shifted  upward  in  frequency,  for  a  reason  which  the  reader  can  easily 
derive  from  the  explanation  given  of  " anti-Stokesian  lines"  in  a  previous 
section.) 

Objection  may  be  made  to  this  image  of  a  photon  striking  a  molecule 
and  bouncing  off  with  reduced  energy,  on  the  ground  that  we  usually 
think  of  photons  with  different  energy  as  being  essentially  different 
photons.  However,  this  is  probably  not  a  sound  objection;  when  a 
material  object,  a  tennis  ball,  for  instance,  rebounds  from  the  ground  to  a 
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slightly  smaller  height  than  that  from  which  it  was  dropped,  we  do  not 
think  of  it  as  a  different  ball— we  think  of  it  as  the  same  ball  with  a  differ- 
ent kinetic  energy  and  a  different  momentum;  and  it  may  be  expedient  to 
train  ourselves  to  think  in  the  same  way  of  photons.  A  more  serious 
objection  is  that  this  image  is  necessarily  inadequate,  because  it  does  not 
account  for  the  finer  details  of  the  process.  I  will  speak  of  one  of  these, 
which  gives  me  opportunity  to  mention  a  feature  of  stationary  states  and 
spectra  not  as  yet  introduced  into  this  essay. 

To  take  the  simplest  case:  it  is  easy  to  pick  out,  from  among  the  many 
stationary  states  of  any  atom,  a  group  of  three  states  which  have  peculiar 
interrelations.     I  will  denote  the  members  of  any  such  triad  by  *S,  P,  D, 
and  take  the  normal  state  as  S.     The  peculiar  interrelations  are  these: 
in  the  emission  spectrum  of  the  gas  constituted  of  these  atoms  appear  the 
lines  PS  and  DP  due  to  transitions  from  P  to  *S  and  transitions  from  D  to 
P,  and  in  the  absorption  spectrum  of  the  cool  and  rarefied  gas  appears 
the  line  SP,  while  in  the  absorption  spectrum  of  the  gas  when  excited  by 
an  electric  discharge  appears  the  line  PD;  but  the  line  DS  never  appears 
(or  perhaps  appears  only  under  very  abnormal  conditions)  in  the  emission 
spectrum,  and  the  line  SD  never  appears  in  the  absorption  spectrum. 
Direct  transitions  in  both  senses  occur  between  S  and  P,  and  between 
P  and  D;  but  direct  transitions  in  either  sense  between  S  and  D  do  not 
occur— they  are  said  to  be  "forbidden."     The  P  state  is  a  sort  of  neces- 
sary stepping-stone  between  the  ,S  state  and  the  D  state;  the  atom  cannot 
pass  between  these  two  without  making  use  of  it  (or  some  other  Hke  it) ; 
it  alone  is  accessible  from  both  *S  and  D. 

Now  it  is  a  remarkable  feature  of  the  Raman  effect,  that  when  the 
incident  photons  cause  the  atoms— or  rather,  the  molecules— to  make 
transitions  from  the  normal  state  to  various  excited  states,  the  transitions 
which  occur  are  generally  of  the  class  SD\     This  suggests  that    the 
sentence  in  the  section  about  scattering  without  change  of  frequency, 
"One  may  say  that  the  incident  photon  is  absorbed,  raises  the  atom  to  a 
'virtual'  state,  and  is  instantaneously  reemitted,"  may  not  be  a  mere 
trick  of  words  after  all;  for  perhaps  when  scattering  with   change  of 
frequency  occurs,  it  is  necessary  for  the  photon  to  put  the  atom  momen- 
tarily into  a  state  which  shares  the  character  of  the  P  state  aforesaid, 
in  that  it  is  a  necessary  stepping-stone  from  the  initial  normal  state  to 
the  final  excited  state.     If  a  photon  is  totally  absorbed,  the  atom  goes 
from  the  S  state  to  the  P  state  and  stays  there  for  the  10-«  sec.  or  there- 
abouts mentioned  previously;  but  if  only  part  of  the  energy  of  the  photon 
is  to  be  absorbed,  the  atom  goes  from  the  >S  state  to  a  sort  of  "virtual  P 
state,"  and  then  without  pause  goes  on  to  the  D  state.     This  picture,  like 
all  pictures,  is  still  inadequate;  but  at  least  it  is  more  nearly  adequate 
than  that  of  the  photon  merely  bouncing  off  the  molecule.     (Note  that 
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the  "virtual  P  state  "  must  be  supposed  to  have  energy  superior  to  that  of 
the  D  state,  though  in  the  previous  paragraph  the  real  P  state  is  supposed 
intermediate  between  S  and  Z),  as  is  usually  the  case.) 

I  must  remove  the  impression  possibly  left  by  my  phrasing,  that  an 
atom  or  molecule  has  only  three  states  with  these  peculiar  interrelations. 
As  a  matter  of  fact,  there  is  a  great  number  of  S  states,  a  great  number  of 
P  states,  a  great  number  of  D  states,  and  various  other  categories;  tran- 
sitions can  occur  between  any  P  state  and  any  >S  or  D  state,  but  they 
cannot  occur  between  any  S  state  and  any  D  state,  or  between  any  two 
states  distinguished  by  the  same  letter.  The  art  of  analyzing  spectra 
consists  largely  in  classifying  states  according  to  their  relations  of  per- 
mitted or  forbidden  transitions  with  other  states.  The  rules  of  the 
classification  are  called  "selection  principles"  and  in  many  cases  are 
admirably  explained  by  the  contemporary  atom  models. 

SCATTERING  OF  X-RAYS  WITH  CHANGE  OF  FREQUENCY:  COMPTON 

EFFECT 

We  have  already  become  acquainted  with  two  of  the  interactions 
between  X-rays  and  matter:  true  absorption  in  atoms,  and  scattering 
without  change  of  frequency.  A  third  and  important  interaction  has 
features  in  common  with  the  former,  and  also  with  the  Raman  effect 
which  we  have  just  been  considering.  Like  true  absorption,  it  involves 
the  ejection  of  high-speed  electrons  from  the  matter;  but  these  are 
originally  the  most  loosely  bound  of  the  electrons  in  the  atoms,  or  perhaps 
some  of  them  are  actually  the  "free"  electrons  roaming  in  the  substance 
(there  is  no  sharp  distinction  between  these  two  classes),  while  true 
absorption  often  involves  the  ejection  of  tightly  bound  electrons  such  as 
the  K  electrons.  As  in  the  Raman  effect,  the  photons  themselves  are  not 
totally  absorbed  but  reappear  with  lessened  energy  and  lessened  frequency. 

This  Compton  effect  may  be  interpreted  as  an  elastic  impact  between 
corpuscles  of  matter  and  corpuscles  of  light,  and  as  such  it  is  the  most 
beautiful  example  of  a  phenomenon  amenable  to  an  extreme  corpuscular 
explanation  and  the  most  beautiful  demonstration  of  equations  {1)  and  {2) 
as  applied  to  Hght.  I  now  develop  the  equations  of  elastic  impact 
between  electrons  and  photons,  employing  the  expressions  for  energy  and 
momentum  of  material  particles  (such  as  electrons)  which  are  used  in 
relativistic  mechanics,  ^^  and  assuming  the  electrons  to  be  initially 
stationary  and  free.  The  symbols  v,  X  refer  to  the  incident  X-rays 
(photons  before  impact);  v' ,  X'  to  the  scattered  X-rays  (photons  after 

"  As  many  a  physicist  must  have  found  out  for  himself,  the  attempt  to  make  the 
equations  look  simpler  and  be  more  easily  solvable  by  using  ordinary  mechanics  has 
precisely  the  opposite  effect  from  that  desired.  The  theory  of  the  Compton  effect 
affords  one  of  the  cases  where  the  wisest  policy  is  also  the  easiest. 
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impact);  u  stands  for  the  speed  of  an  electron  after  impact;  4>  and  6  for 
the  angles  made  with  the  direction  of  the  incident  photon  by  those  of  the 
recoihng  electron  and  the  scattered  photon,  respectively. 

Conservation  of  energy  requires  that  the  energy  of  the  incident  photon, 
hv,  be  equal  to  the  simi  of  the  energy  of  the  scattered  photon,  hv' ,  and  that 
of  the  recoihng  electron,  which  latter  in  relativistic  mechanics  is  given 
by  the  expression 

where  mo  stands  for  the  rest  mass  of  the  electron  and  ^  for  u/c.     Thus, 

Conservation  of  momentum  requires  the  following  two  equations, 
referring  respectively  to  the  momentum  components  parallel  and  per- 
pendicular to  the  direction  of  the  incident  photon,  in  the  plane  common 
to  the  three  directions  of  incident  photon,  scattered  photon,  recoihng 
electron: 

hv       hv'  vioU  .„,s 

—    =   cos   6   -\-  -j -^ry,  COS   (/)  {_21) 

c  c  (1  —  P')" 

0  =  —  sm  d  +  ^^  _  ^,y^  sm  <t>  {22) 

Ehminating  4>  and  u  between  these  three  equations,  we  arrive  at  a 
relation  between  v' ,  v,  and  d,  which  may  immediately  be  translated  into 
the  following  relation  of  simpler  aspect: 

V  -  X  =  A(i  _  cos  e)  -  {23) 

mc 

This  is  a  prediction  of  the  wave-length  which  should  belong  to  the  X-rays 
scattered  at  angle  6;  that  is  to  say,  an  observer  placing  his  detecting 
apparatus  somewhere  along  the  line  leading  outward  from  the  scattering 
substance  at  an  angle  6  to  the  incident  beam  should  detect  X-rays  of  the 
wave-length  given  by  formula  {23).  This  prediction  is  verified  by  experi- 
ment. Eliminating  6  and  v'  between  equations  {20),  {21),  and  {22), 
one  gets  a  relation  between  u,  v,  and  <^.  This  may  be  translated  into  a 
prediction  of  the  energy  which  should  belong  to  electrons  recoihng  in 
the  direction  </>;  that  is  to  say,  an  observer  placing  a  device  for  detecting 
electrons,  somewhere  along  the  line  leading  outward  from  the  scattering 
substance  at  an  angle  4>  to  the  incident  beam,  should  observe  electrons 
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of  the  energy  given  by  the  relation  in  question.  This  prediction  also  is 
verified  (sometimes  by  using  the  Wilson  chamber,  observing  the  electron 
tracks  which  start  off  in  various  directions  from  atoms  of  the  gas  in  the 
chamber,  estimating  the  corresponding  electron  energies  and  correlating 
them  with  the  corresponding  values  of  4>). 

In  general,  when  a  beam  of  X-rays  or  gamma  rays  falls  upon  a  piece 
of  matter,  some  of  the  electrons  which  fly  out  are  "Compton  electrons" 
which  acquire  their  energy  in  the  foregoing  matter,  and  some  are  photo- 
electrons  which  have  been  ejected  from  atoms  by  total  absorption  of 
X-ray  quanta  such  as  I  described  in  a  previous  section.  Compton 
electrons  are  relatively  more  abundant  the  higher  the  frequency  of  the 
X-rays  and  the  lower  the  atomic  number  or  atomic  weight  of  the  scatter- 
ing element,  i.e.,  the  higher  the  ratio  of  the  energy  of  the  photons  to  the 
energy  required  to  extract  electrons  from  the  atoms.  Also,  when  a  beam 
of  X-rays  or  gamma  rays  falls  upon  a  piece  of  matter,  some  of  the  photons 
which  emerge  are  the  photons  of  reduced  frequency  recoiling  from 
impacts  with  electrons,  of  which  we  have  just  been  thinking;  some  are 
photons  scattered  without  change  of  frequency;  some  are  X-rays  emitted 
from  atoms  as  an  aftereffect  of  the  extractions  of  electrons  by  incident 
photons.  The  reduction  in  intensity  which  a  beam  of  X-rays  or  gamma 
rays  suffers  in  traversing  a  stratum  of  matter  is  largely  due  to  these  three 
processes  jointly;  the  two  former,  as  compared  with  the  last-named,  are 
relatively  more  prominent  the  higher  the  frequency  of  the  incident 
rays  and  the  lower  the  atomic  weight  of  the  scattering  substance.  With 
gamma  rays  of  great  energy,  a  novel  process  enters  upon  the  scene. 

TRANSMUTATION  BETWEEN  ELECTRON-PAIRS  AND  PHOTONS 

It  is  fitting  to  end  this  essay  by  a  brief  allusion  to  one  of  the  most 
striking  phenomena  of  Nature,  unguessed  as  lately  as  three  years  ago. 
In  addition  to  the  negative  electrons  of  which  so  much  has  just  been 
said,  there  are  positive  electrons,  first  observed  in  1932  among  the  cosmic 
rays.  These  are  apparently  identical  with  those  of  the  negative  variety 
in  every  respect  except  the  sign  of  their  charge.  They  are  observed 
immediately  as  they  come  into  being,  for  they  may  be  created  in  the 
laboratory  by  the  transmutation  of  light  into  electricity.  When  a  beam 
of  gamma  rays  (the  photons  must  have  energy  superior  to  about  one 
MEv)  is  projected  against  a  stratum  of  matter,  pairs  of  electrons  of  opposite 
sign  spring  forth.  Each  pair  is  formed  out  of  a  photon.  The  mass 
and  the  energy  of  the  photon  are  converted  almost  totally  into  mass 
and  energy  of  the  two  electrons,  a  trifling  fraction  being  transferred  to 
an  atom  in  order  to  satisfy  the  law  of  the  conservation  of  momentum. 
The  reverse  process  occurs  when  positive  electrons  are  fired  into  a  stratum 
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of  matter:  they  merge  with  negative  electrons,  and  the  two  oppositely- 
charged  electrical  particles  which  combine  in  such  a  merger  are  converted 
into  one  or  two  particles  of  light.  A  portion  of  the  reduction  in  intensity 
which  a  beam  of  high-energy  gamma  rays  suffers  in  traversing  a  stratum 
of  matter  is  due  to  the  first  of  these  processes,  and  a  portion  of  the 
"scattered"  radiation  arises  from  the  second. 

Manuscript  received  by  the  editor  September,  1934. 
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THE  PRODUCTION  OF  X-RAYS 

X-ray  Tubes. — As  pointed  out  in  other  chapters,  X-rays  are  produced 
by  the  sudden  stoppage  or  deceleration  of  fast  moving  electrons.  In 
practice,  this  effect  is  brought  about  in  an  evacuated  tube  having  two 
electrodes  between  which  a  high  potential  difference,  E  volts,  may  be 
applied.  Any  electrons  in  the  space  between  the  electrodes  are  thus 
moved  toward  the  positively  charged  electrode  or  target,  with  a  velocity 

V,  which  is  given  approximately  by  the  relation  v  =  5.95'VE'  X  10^ 
cm. /sec.  Upon  striking  the  target,  the  electron  is  brought  to  rest  in  a 
relatively  short  time  and  an  X-ray  produced  which  may  have  a  minimum 

o 

wave-length  Xj^in  =  12354.  -^  E,  where  X  is  expressed  in  Angstroms 
(10-8  pjn  ) 

In  the  ordinary  high-vacuum  tube,  the  number  of  free  electrons  in 
the  interelectrode  space  is  negligibly  small.  In  the  older  type  of  gas 
X-ray  tube,  electrons  in  sufficient  number  were  released  from  the  cathode 
by  the  bombardment  of  positive  ions  produced  in  the  electrical  discharge. 
However,  it  was  difficult  to  maintain  steady  gas  pressures  within  the  tube, 
and  hence  the  positive  ion  and  electron  currents  were  unsteady  and  uncer- 
tain. In  the  present-day  Coolidge  tube  (9),  electrons  are  produced  by 
means  of  a  hot  cathode  in  a  tube  so  highly  evacuated  that  the  small 
amount  of  residual  gas  plays  no  important  part  in  its  operation.  The 
electrons  released  from  the  filament  by  thermionic  emission  are  then 
accelerated  in  the  electric  field  and  a  steady  space  current  ensues. 
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High-voltage  Generators. — The  Coolidge  tube  also  has  the  properties 
of  a  rectifier — permitting  current  to  pass  through  it  in  only  one  direction 
— and  hence,  for  accelerating  the  electrons,  it  may  be  used  directly  on  a 
high-voltage  transformer.  However,  larger  electron  currents  and  higher 
voltages  may  be  used  with  less  stress  on  a  given  tube  when  the  voltage  is 
rectified  before  being  applied  to  the  tube.  A  number  of  such  rectifying 
circuits  with  the  corresponding  resultant  voltage  wave  forms  are  shown  in 
Fig.  1.  The  voltage  relationships  indicated  on  the  figures  are  approxi- 
mate. If,  in  the  full-wave  circuit  A  two  diametrically  opposite  rectifying 
tubes,  a  and  c,  are  removed,  a  half-wave  generator  results,  and  although 
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Fig.  1. — Typical  X-ray  generator  circuits,  a,  Full  wave;  b,  constant  potential 
(Hull);  c,  voltage  doubling  {Villard);  d,  voltage  tripling  {Witka).  (See  Table  7  for 
comparative  outputs.) 


the  voltage  stress  per  valve  tube  is  reduced  to  half,  the  circuit  is  not  so  well 
adapted  for  large  currents  (over  100  ma.).  In  circuit  B  the  ripplage  is 
approximately  proportional  to  the  tube  current  and  inversely  proportional 
to  the  square  of  the  capacity  and  the  cube  of  the  frequency.  In  circuits 
C  and  D,  the  effect  of  decreasing  the  capacity  or  increasing  the  current  is 
to  effectively  raise  the  time  axis,  cutting  off  the  bottoms  of  the  waves. 
Circuits  of  types  C  and  D  are,  in  general,  therefore,  only  economical  for 
relatively  small  currents — less  than  10  to  20  ma. — the  cost  of  condensers 
becoming  prohibitive  beyond  that  point. 

Owing  to  space  charge  in  the  X-ray  tube,  the  electron  current  is  not, 
in  general,  proportional  to  the  voltage  but  approaches  a  saturation  value 
depending  principally  upon  the  electron  emission  of  the  filament  and 
the  geometrical  structure  of  the  tube.  Without  going  into  detail,  it  is 
therefore  evident  that  the  X-ray  emission  varies  with  the  wave  shape  of 
the  applied  voltage — a  factor  which  at  once  complicates  the  control  of 
X-ray  output  as  shown  below. 
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THE  MEASUREMENT  OF  X-RAY  QUALITY 

Early  X-ray  Measurements. — Since  the  discovery  of  X-rays  it  was 
known  in  a  general  way  that  the  strength  or  intensity  was  proportional 
to  the  electron  current  passing  through  the  tube,  and  the  penetration 
or  hardness  was  at  least  remotely  related  to  the  potential  between  the 
tube  electrodes.  As  experimental  technique  and  tube  construction 
developed,  it  was  found  that  current  and  voltage  alone  were  insufficient 
for  describing  an  X-ray  beam,  and  more  elaborate  means  were  required. 
Later,  as  knowledge  of  the  subject  increased,  the  ideal  method  given 
below  was  established — only  to  be  left  in  abeyance  because  of  the  practical 
difficulties  involved. 

It  was  early  realized  that  voltage  alone  did  not  accurately  specify 
the  penetration  of  X-rays  because  of  two  principal  reasons:  (a)  the 
uncertainty  in  measuring  the  voltage,  and  (6)  the  wide  variations  in 
voltage  wave  form.  Consequently,  the  penetration  of  X-rays  soon  came 
to  be  measured  in  terms  of  their  relative  absorption  in  different  metals. 
Best  known  of  such  devices  was  Benoist's  penetrometer  (4)  of  1902, 
which  consisted  of  a  thin  silver  disk  surrounded  by  12  numbered  alumi- 
num sectors  of  which  the  thickness  varied  in  equal  steps  up  to  12  mm. 
Laid  on  a  photographic  plate  and  placed  in  the  X-ray  beam,  that  sector 
was  noted  through  which  the  transmitted  radiation  was  the  same  as  for 
the  silver  center  (as  shown  by  the  darkening  of  the  emulsion).  The 
thickness  of  the  matching  sector  obviously  increases  with  the  hardness  or 
penetration  of  the  radiation.  It  is  interesting  to  note  (see  below)  that 
present-day  methods  of  measuring  quality  differ  from  early  mainly  in 
the  matter  of  refinement. 

Various  effects  known  to  be  related  to  the  intensity  of  an  X-ray  beam 
will  be  briefly  noted.  Attempts  have  been  made  to  utilize  all  of  them 
for  practical  measurements,  although  most  of  them  have  proved  to  be 
unfeasible.  The  ideal  method  for  measuring  the  intensity  or  energy 
of  an  X-ray  beam  is  with  a  thermal  or  heat-measuring  device  such  as  a 
calorimeter  which  completely  converts  all  radiation  into  heat  (35).  This 
is  the  only  method  known  to  give  results  independent  of  the  radiation 
quality.  Unfortunately,  the  energy  available  in  an  ordinary  X-ray  beam 
of  1  cm. 2  cross  section  is  of  the  order  of  10~^  to  10~^  cal./sec,  and  to  meas- 
ure so  small  an  amount  of  energy  is  exceedingly  difficult  even  in  the  best- 
equipped  physical  laboratory. 

Photographic  methods  are  likewise  extremely  difficult  because  of  the 
complicated  laws  of  photographic  blackening,  and  the  involved  technique 
necessary  to  control  adequately  the  emulsion  exposure  and  the  conditions 
for  development  (6,  5).  The  action  of  X-rays  on  selenium  is  similar 
to  that  of  light,  but  the  utilization  of  selenium  cells  in  accurate  intensity 
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measurements  is  rendered  difficult  because  of  time  lag  and  hysteresis 
in  the  cells.  The  many  chemical  effects  produced  by  X-rays  are  all  com- 
pUcated  and  their  relationship  to  the  radiation  intensity  is  seldom  known 
except  by  calibration.  In  1902,  Holzknecht  (22)  introduced  pastiles 
which,  when  exposed  to  X-rays,  changed  color  to  a  degree  depending  upon 
the  quantity  of  radiation  absorbed.  Attendant  color-matching  charts 
were  calibrated  in  arbitrary  units.  Fluorescence  in  certain  minerals  has 
also  been  used  in  X-ray-intensity  measurements  but  complicated  fluo- 
rescence-excitation laws  have  prevented  its  general  use. 

Lastly,  and  most  important,  is  the  ability  of  X-rays  to  ionize  gases. 
This  property  was  recognized  soon  after  their  discovery,  and  in  1908 
Villard  (54)  proposed  a  quantitative  unit  of  X-ray  intensity  based 
on  the  ionization  produced  in  air.  Essentially,  this  unit  is  the  one 
generally  recognized  today,  and  it  will  be  discussed  in  detail  below. 

Ionization  Produced  hy  X-rays.— Oi  the  various  ways  of  measuring 
X-ray  intensity  outlined  in  the  foregoing,  all  but  the  calorimetric  method 
depend  in  their  indication  upon  the  quality  or  spectral-energy  distribution 
of  the  radiation.  Therefore,  for  intensity  measurement,  it  is  necessary 
that  the  dependence  on  quality  be  known  to  a  degree  which  is  com- 
mensurate with  the  desired  overall  accuracy  of  the  determination. 
Consequently,  in  measuring  X-ray  intensity,  the  method  must  be 
employed  in  which  the  dependence  upon  quaUty  is  best  understood,  or 
at  least  most  readily  reproduced  and  controlled.  The  power  of  X-rays 
to  ionize  gases  renders  the  air-ionization  method  most  suitable  for  practi- 
cal purposes. 

As  already  shown  (cf.  Darrow,  Paper  I),  the  amount,  or  degree,  of 
ionization  produced  in  air  is  directly  proportional  to  the  quantity  of 
radiation  absorbed  by  a  given  mass  of  air.  As  will  be  discussed  in  detail, 
the  unit  of  X-ray  quantity  (the  roentgen)  is  defined  in  terms  of  the  degree 
of  ionization  produced  in  0.001293  gm.  of  air.  Therefore,  since  the 
absorption  of  X-rays  by  matter  depends  upon  the  wave-length  of  the 
incident  radiation,  it  is  evident  that  the  unit  of  X-ray  quantity  depends 
upon  those  wave-lengths  composing  the  beam  in  question. 

X-ray  Spectral  Distribution.— Corresponding  to  any  value  of  a  steady 
or  instantaneous  voltage  applied  to  an  X-ray  tube  is  a  particular  distribu- 
tion of  energy  among  the  wave-lengths  of  the  resultant  X-ray  spectrum. 
Likewise,  this  distribution  depends  upon  the  material  of  the  target- 
usually  tungsten,  in  medical  or  biological  application.  Below  a  certain 
potential  for  a  given  target  material  (70  kv.  for  tungsten)  the  spectrum 
is  continuous  (Fig.  2)  whereas  above  this  critical  value  of  the  potential, 
certain  series  of  lines  appear  superposed  on  the  continuous  background, 
which,  in  their  spectral  position,  are  characteristic  of  the  target  material. 
As  the  exciting  potential  is  increased  above  the  critical  value,  the  propor- 
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tion  of  the  total  energy  contained  in  the  hnes  increases,  although  it  never 
becomes  a  major  portion  of  the  total.  In  addition,  in  passing  through 
various  filters,  the  wave-lengths  composing  the  incident  radiation  are 
absorbed  unequally  according  to  known  laws  of  absorption,  so  that  the 
resultant  spectral  energy-distribution  curve  may  be  very  different  in 
general  form  from  the  initial. 

It  is,  therefore,  evident  that  to  measure  properly  the  quantity  or 
intensity  of  an  X-ray  beam,  the  actual  or  effective  spectral  distribution 
of  the  measured  radiation  must  first 
be  known.     For  simplicity,  the  spectral 
distribution    of    an    X-ray    beam    is 
referred  to  as  X-ray  quality. 

Effect  of  Voltage  Wave  Form. — The 
direct  determination  of  X-ray  quality 
is  complicated  by  a  number  of  factors, 
most  important  of  which  is  the  fact 
that  only  rarely  is  the  exciting  potential 
of  a  truly  steady  value.  Actually,  the 
applied  tube  voltage  is  usually  fluctuat- 
ing over  all  ranges  from  zero-to- 
maximum  to  values  steady  within  a  few 
per  cent  of  maximum  (ripple  voltage). 
Since,  as  noted,  the  spectral  distri- 
bution or  quahty  changes  with  voltage, 
if  a  varying  voltage  be  applied  to  the 
tube,  a  composite  spectrum  results  which  is  made  up  of  all  the 
component  simple  spectra  corresponding  to  all  instantaneous  values  of 
the  impressed  voltage. 

For  example,  suppose  a  varying  voltage  as  represented  by  A  in  Fig.  3 
be  applied  to  an  X-ray  tube  and  that  at  time  ta  the  voltage  is  a  =  20  kv. ; 
the  spectral  distribution  is  represented  by  curve  a  in  Fig.  2  (53).  Simi- 
larly, at  time  tb  the  voltage  is  6  =  30  kv.,  and  the  spectral  distribution 
is  given  by  curve  h  in  Fig.  2,  and  so  on.  If  we  are  chiefly  interested  in 
40-  to  50-kv.  X-rays,  we  note  that  they  are  present  only  between  times 
tc  and  te  or  less  than  one-third  of  the  cycle.  If,  on  the  other  hand,  the 
voltage  wave  form  is  that  shown  in  Fig.  3,  B,  it  is  seen  that  the  40-  to 
50-kv.  X-rays  are  present  from  t[  to  t'„  or  about  four-fifths  of  the  cycle. 
For  the  wave  form  shown  in  Fig.  3,  C,  the  spectral  distribution  lies  always 
between  curves  c  and  d  (Fig.  2).  Although  the  peak  voltage  is  the  same 
in  all  three  cases,  a  wave  form  such  as  3,  C  gives  a  preponderance  of  the 
more  penetrating  radiation  over  wave  forms  3,  A  and  3,  B. 

Relationship  of  Voltage  to  Quality.— li  is  clear  that,  since  the  resultant 
or  composite  spectral  distribution  is  the  summation  of  the  simple  distribu- 
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tions  corresponding  to  the  particular  voltage  wave  form  used,  there  can 
be  no  direct  or  sunple  relationship  between  the  qualities  of  X-ray  beams 
of  very  different  voltage  origin.  On  the  other  hand,  when  constant  voltage 
is  applied  to  a  tube,  the  spectral  distribution  remains  the  same  and  is  char- 
acteristic of  that  particular  voltage.  In  such  cases,  it  would  be  sufficient 
for  fixing  the  quality  to  state  only  the  target  material,  voltage,  and  filter. 
It  is  obvious  from  the  foregoing  discussions  that  peak  voltages  in  particu- 
lar may  be  very  misleading.  Under  most  practical  conditions  (52,  50) 
the  effective  (root  mean  square)  voltage  will  give  a  much  more  nearly 
consistent  measure  of  the  quaUty,  insofar  as  voltage  measurements  alone 

are  concerned. 

Direct  determination  of  the  spectral-energy  distribution  is  possible 
only  by  means  of  the  ionization  spectrometer  (23,  24).     This  process  is, 
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however,  so  complicated  and  laborious  as  to  be  precluded  in  practice. 
Consequently,  indirect  methods  of  quality  determination  are  usually 
resorted  to,  most  of  them  based  upon  the  laws  of  X-ray  absorption  in 
copper  and  ahuninum. 

Com,plete  Absorption  Curve.— It  has  been  shown  theoretically  by 
Silberstein  (39)  that  a  given  X-ray  spectral  distribution  will  yield  a 
discrete  absorption  curve  (in,  say,  copper) ;  and  conversely,  that  from  a 
given  absorption  curve  can  be  derived  the  spectral  distribution  with 
sufficient  accuracy  for  most  practical  purposes.  Therefore,  a  statement 
of  the  complete  absorption  curve  in  copper  or  aluminum  is  taken  as  the 
quality  of  the  radiation  (55,  51). 

To  obtain  the  complete  absorption  curve,  filters  of  the  absorbing 
material  (copper  or  aluminum)  are  successively  placed  in  the  X-ray  beam 
and  the  transmitted  intensities  read  with  an  ionization  chamber  (dis- 
cussed in  detail  later  on).     If  h  is  the  intensity  of  radiation,  incident 
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100^ 


on  a  filter /i,  and  /  the  intensity  transmitted  through /i,  then  log 

is  the  logarithm  of  the  percentage  transmission  for  filter /i.     Plotting  the 

values  of  logio  100^  against  a  number  of  values  of /then  gives  a  complete 
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absorption  curve  in  its  most  useful  form.  Such  a  curve  is  shown  by 
ACB  in  Fig.  4,  plotted  on  the  .Y-,  F-axes  for  X-rays  excited  by  150  kv. 
(constant)  in  a  thin-walled  cerium  glass  tube. 

Until  recently,  the  complete  copper-absorption-curve  method  has 
had  the  disadvantage  of  not  being  expressible  by  a  single  numerical 
magnitude.  This,  however,  has  been  removed  (50,  51)  by  finding  that, 
within  reasonably  satisfactory  hmits,  the  complete  composite  absorption 
curve  of  radiation  excited  by  the  different  potential  wave  forms  in  use 
may  be  matched  by  the  instantaneous  absorption  curve  of  the  same 
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Fig.  4. — Hypothetical  logarithmic  absorption  curves  to  show  the  effect  of  filtration. 

material  for  radiation  excited  by  some  definite  constant  potential.  It 
is  further  found  that  such  beams  having  equivalent  absorption  curves 
are,  over  a  considerable  range  of  initial  filtration,  closely  alike  as  regards 
their  intensity  distribution  in  a  large  body  of  low-atomic-number  material 
such  as  a  water  phantom.  Since  the  spectral  distribution  of  radiation 
excited  by  constant  potential  is  perfectly  reproducible,  a  family  of 
complete  absorption  curves  of  constant  voltage  radiation  would  constitute 
a  very  convenient  and  adequate  standard  of  reference  for  inferring  the 
constant-potential  equivalent^  of  any  given  radiation. 

Equivalent  X-ray  Beams. — It  is,  of  course,  obvious  that  two  equiva- 
lent X-ray  beams  might  be  produced  by  voltages  of  very  different  peak 

1  By  "constant-potential  equivalent"  is  meant  the  constant  potential  necessary 
to  apply  to  an  X-ray  tube  to  yield  an  absorption  curve  of  the  same  form  as  the  com- 
posite absorption  curve  in  the  same  material  for  the  unknown  radiation  in  question 

(51). 
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values;  hence  one  beam  might  have  shorter  wave-lengths,  not  present 
at  all  in  the  other.  However,  the  proved  equivalence,  where  the  peak 
voltages  are  very  different,  signifies  that  while  there  are  some  shorter 
wave-lengths  in  one  spectrum  than  in  the  other,  they  are  present  to  a 
negligible  extent.  As  the  peak  value  of  an  exciting  voltage  approaches 
the  equivalent  constant  voltage,  it  signifies  that  the  energy  in  the  shorter 
wave-lengths  becomes  relatively  greater.  This,  however,  is  taken  care 
of  in  the  specification  of  quality  by  the  fact  that  for  a  given  peak  voltage, 
if  the  shorter  wave-lengths  gain  in  importance,  the  equivalent  voltage 
is  correspondingly  increased.  For  example,  with  X-rays  produced  by 
mechanical,  full-wave,  or  Villard  rectifiers  (Fig.  1)  operated  at  the  same 

Table  1.— Absorption  of  General  X-radiation  in  Copper 

(Tube  wall  1.29  mm.  cerium  glass) 

/„  -  incident  radiation;  /  -  transmitted  radiation;  IOO///0  =  percentage  transmission 


100  kv. 


110  kv. 


120  kv. 


Copper  filter, 
(mm.) 


0 

0.14 

0.20 

0.25 

0.30 

0.40 

0.50 

0.75 

1.00 

1.60 

2.00 

2.60 

3.00 


100 
I/It, 


100 
20.40 
15. 3S 
12. 8S 
11.15 
8.78 
7.16 
4.53 
3.08 
1.77 
1.03 


log 
100 

I/Io 


100 

I/Io 


00 
310 
187 
110 
047 
943 
854 
656 
489 
.248 
013 


100 

22. 

17. 

15 

13 

10 

8 

5 

4 

2 

1 

1 


08 
S4 
18 
17 
28 
50 
77 
13 
42 
,60 
.02 


log 
100 

I/Ia 


100 
I/Io 


00 
344 
251 
181 
120 
012 
924 
761 
.616 
384 
210 
.009 


100 

23. 

19. 

17. 

15. 

12, 

10, 

7 

5 

3 

2 

1 

1 


log 
100 
I/Io 


130  kv. 


80 
92 
37 
23 
12 
05 
04 
18 
13 
06 
46 
09 


100 
I/Io 


00 
377 
299 
240 
183 
084 
002 
848 
714 
496 
314 
164 
,037 


100 

25. 

21. 

19. 

17, 

13 

11 

8 

6 

4 

2 

2 

1 


S2 
81 
19 
00 
75 
57 
32 
35 
00 
73 
00 
,48 


log 
100 

I/Io 


140  kv. 


100 
I/Io 


00    100 


412 
339 
283 
230 
138 
063 
920 
803 
602 
.436 
.301 
170 


27 

23 

20 

18 

15 

13 

9 

7 

4 

3 

2 

1 


log 
100 
I/Io 


150  kv. 


.65 
AS 
85 
71 
37 
06 
55 
41 
,86 
.38 
.50 
.93 


100 

I/Io 


00 

442 

370 

319 

267 

187 

116 

980 

870 

.687 

.529 

398 

.286 


100 

30. 

25, 

22 

20 

16 

14 

10 

8 

5 

4 

3 

2 


log 
100 

I/Io 


35 
68 
85 
55 
98 
AZ 
,65 
.43 
.75 
.13 
.12 
.49 


2.00 

1.482 

1.410 

1.359 

1.313 

1.230 

1.159 

1.029 

0.926 

0.760 

0.616 

0.494 

0.396 


Note:  All  second-place  decimal  figures  given  in  italics  are  approximate  values. 

peak  values,  the  equivalent  voltage  approaches  respectively  nearer  the 
peak  value,  indicating  an  increasing  relative  intensity  of  the  shorter 
wave-lengths.  Correspondingly,  it  is  found  that  the  absorption  curves 
indicate  respectively  harder  composite  radiations  after  the  same  mitial 

filtration.  ^      .,,,.,        1  ^.^ 

It  is  also  to  be  expected  that  two  beams  which  yield  hke  absorption 
curves  with  a  low  or  moderate  initial  filtration  [up  to  1.5  mm.  Cu  at  150 
kv.  (constant)],  may,  after  a  higher  initial  filtration,  furnish  somewhat 
divergent  curves— the  curve  for  the  radiation  having  the  higher  peak 
voltage  falling  above  the  other.  By  matching  the  curves  above  the  point 
corresponding  to  the  initial  filtration,  however,  a  new  eqmvalent  voltage 
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may  be  found  which  specifies  the  radiation  more  closely.     This  is  per- 
fectly justifiable,  since  the  radiation  not  passing  through  the  filter  is 

lost. 

Standard  Absorption  Curves  from  60  to  180  Kv.—The  specification  of 
X-ray  quahty,  by  using  the  complete  absorption  curve,  has  been  recom- 
mended by  the  X-ray  Standardization  Committee  of  the  Radiological 
Society  of  North  America.^  (56). 

Table  3. — Absorption  of  General  X-radiation  in  Aluminum 

(Tube  wall,  1.29  mm.  cerium  glass) 

/o  =  incident  radiation;  /  =  transmitted  radiation;  IOO///0  percentage  transmission 


60  kv. 

70  kv. 

80  kv. 

90  kv. 

100  kv. 

110  kv. 

Aluminum 

filter, 
mm. 

100 
I/U 

log 
100 
I/U 

100 

7/Jo 

log 
100 
I/7o 

100 

7//0 

log 
100 
///o 

100 
///o 

log 
100 
7//0 

100 
7//0 

log 
100 
I/U 

100 
I/U 

log 
100 

7//0 

0 

100 

2.00 

100 

2.00 

100 

2.00 

100 

2.00 

100 

2.00 

100 

2.00 

1 

32.1 

1.507 

33. 8S 

1.530 

36.04 

1.557 

38.90 

1.590 

40.35 

1.606 

42.4.2 

1.628 

2 

19.0 

1.279 

20. 8i 

1.318 

32. 9;^ 

1.360 

2b. 28 

1.403 

27.20 

1.435 

29.40 

1.468 

3 

12.85 

1.109 

14.40 

1.158 

16. 5.2 

1.218 

18.4^ 

1.265 

20. 3S 

1.309 

22.35 

1.349 

4 

9.43 

0.970 

10.7  8 

1.033 

12.64 

1.102 

14. 4J 

1.159 

16.20 

1.210 

18.0.2 

1.156 

5 

7.00 

0.845 

8.44 

0.926 

10.  OS 

1.003 

11.60 

1.064 

13.40 

1.127 

15.0:2 

1.177 

6 

5.41 

0.733 

6.79 

0.832 

8.25 

0.916 

9.69 

0.986 

11. 3^ 

1.054 

12. 8S 

1.110 

7 

4.35 

0.639 

5.53 

0.743 

6.88 

0.838 

8.33 

0.921 

9.80 

0.991 

11.2.2 

1.050 

8 

3.55 

0.550 

4.61 

0.664 

5.84 

0.766 

7.21 

0.868 

8.58 

0.934 

9.92 

0.997 

10 

2.44 

0.387 

3.42 

0.534 

4.38 

0.642 

5.44 

0.736 

6.63 

0.822 

7.85 

0.895 

15 

1.16 

0.065 

1.79 

0.253 

2.40 

0.380 

3.17 

0.501 

4.06 

0.609 

4.80 

0.681 

20 

1.00 

0.000 

1.40 

0.147 

2.01 

0.303 

2.60 

0.415 

3.17 

0.501 

Note:  All  second-place  decimal  figures  given  in  italics  are  approximate  values 

Table  1  gives  the  copper  absorption  values  for  radiation  from  a  thin 
tube  in  which  the  wall  absorption  is  about  the  same  as  for  0.02  mm.  Cu. 
In  the  first  column  are  given  filter  thicknesses  at  practical  intervals. 
In  the  other  double  columns  headed  by  the  applied  tube  voltage  are  given 
respectively  the  percentage  transmission  of  the  filter  and  its  corresponding 
logarithm  to  the  base  10. 

Similar  data  for  a  thick  pyrex  tube  having  a  wall  absorption  about 
the  same  as  for  0.1  mm.  Cu  are  given  in  Table  2. 

2  Quotation  from  Par.  7  of  the  1933  Committee  report:  "For  most  practical  pur- 
poses, the  quality  of  the  X-radiation  may  be  satisfactorily  specified  in  terms  of  the 
copper  or  aluminum  absorption  curve  combined  with  a  statement  of  the  initial 
filtration.  In  lieu  of  an  absorption  curve,  the  equivalent  constant  potential  apphed 
to  the  tube  terminals  to  yield  the  same  curve  may  be  stated  as  a  single  numerical 
magnitude.  Up  to  100  kv.  (constant)  aluminum  absorption  curves  and  above 
100  kv.  (constant)  copper  absorption  curves  shall  be  used  to  establish  the  equivalent 
potential." 
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Below  100  kv.  (constant),  absorption  in  aluminum  has  been  recom- 
mended as  a  standard,  hence  Table  3  gives  alimiinum  absorption  data. 
In  makmg  these  measurements  the  same  thin  glass  tube  as  for  Table  1 
was  used. 


1.7. 

w 

3 

1.5( 

'  m 

n 

Wall-  1.29  mm. 

cerium  glass 

%  '25 

E 
<n 

P  1.00 

\\.^V 

(- 

-f- 
c 

^ 

k 

J]  0.75 

A\\V^^ 

a 

^Nw 

C51 
O 

—I 

\\ 

n\\ 

\\ 

0.50 

\^\ 

.^^^ 

0.25 

\s 

M 

V  ^ 

^^      ^- 

■^^ 

150  kv. 

s 

\^^ 

^^"\ 

^ 

140 

0- 

■ V 

N.^^ 

^ 

130 

^100 

"//(? 

120 

0.5 

'^              1-^             2.0             2.5              3.0 
Copper  Filter, mm 

— 1 1 

3.5 

Fig 

5.— Star 

idard  cop 

per  absor 

ption  cur^ 

^es — thin 

tube. 

Figures  5,  6,  and  7  give,  respectively,  for  various  constant-potential 
excitations,  the  logarithmic  absorption  curves  for  copper  and  aluminum 
as  plotted  from  Tables  1,  2,  and  3,  respectively  (51).  If  it  is  assumed 
that,  tor  the  same  excitation  potential,  the  spectral  distribution  of  the 
radiation  emitted  by  the  anticathodes  of  the  two  tubes  is  the  same,  then 
the  difference  between  the  copper  absorption  curves  corresponding  to 
the  same  potential  in  Figs.  5  and  6  arises  entirely  from  the  difference 
in  the  absorption  of  the  two  tube  walls-1.3  mm.  cerium  glass,  and  4  8 
mm.  pyrex  glass. 
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Interpretation  of  Absorption  Curves.— To  bring  out  the  general  infor- 
mation to  be  inferred  from  the  absorption  curves  of  Figs.  5,  6,  and  7, 
and  from  this  to  correlate  the  curves  of  Fig.  6  with  those  of  Fig.  5,  we  shall 
take  a  hypothetical  absorption  curve  AB  (Fig.  4),  in  which  x  gives  the 
thickness  of  copper  filter  and 


y  =  log 


(<) 


U) 


gives  the  corresponding  values  of  log  percentage  transmission.     Here 
it  will  be  assumed  that  the  incident  radiation  h  is  obtained  from  an  ideal 


1.5  2.0  2.5 

Copper  Filter  MM. 

YiQ,  6. — Standard  copper  absorption  curves — thick  tube. 

X-ray  tube  of  zero  wall  thickness  so  that  AB  is  the  basic  absorption  curve 
corresponding  to  the  given  excitation  potential. 

As  a  first  case,  we  wish  to  show  how,  from  this  basic  curve,  the  absorp- 
tion curve  is  obtained  for  the  same  radiation  after  it  has  been  modified 
in  quality  by  traversing  a  given  thickness  d  of  the  filter.  In  this  case, 
h,  the  intensity  emerging  from  the  thickness  d,  becomes  the  incident 
radiation  for  the  new  curve.     Against  new  thickness  values, 


X' 


X  —  d 


(^) 


55 


MEASUREMENT  OF  X-RAYS  AND  RADIUM 
of  the  filter,  are  plotted  new  log  percentage  transmissions, 

y'  =  log  (lOo£^ 

=  2/  +  2  -  log  (lOO^A 
=  y  -\-  const. 

Thus  all  points  on  the  new  curve  differ  in  position  from  corresponding 
ones  on  the  basic  curve  by  the  same  amount;  that  is,  the  new  curve  is 


(5) 


20 


2  4  6  8  10  12  14  16  18 

Aluminum  Filter  MM 
Fig.  7. — Standard  aluminum  absorption  curves — thin  tube. 

obtained  from  the  basic  curve  by  merely  shifting  the  origin  of  coordinates 


2  -  log  100 


o 


to  the  point  x  =  d  and  y  =  — 

The  second  case  deals  with  the  converse  problem .  given  two  absorp- 
tion curves  of  the  same  radiation,  but  subjected  to  different  amounts  of 
filtration;  to  find  the  difference  in  thickness  of  the  initial  filters.  Here  we 
are  supposed  to  have  two  separate  absorption  curves  of  Fig.  4— .45  on 
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the  ZF-axes;  and  CB  plotted  (on  transparent  paper)  on  the  rc^'-axes. 
The  second  is  laid  over  the  first  and  shifted  to  that  position  where  it  is 
found  to  fit  the  first.  The  difference  d  in  the  two  filter  thicknesses,  for 
corresponding  points  on  the  two  curves,  is  given  by  the  difference  {x  -  x') 
for  the  point  C  and  is  the  magnitude  sought. 


1.5  2.0  2.5 

Copper  Filter  MM 

FiQ.  8.— Superposition  of  copper  absorption  curves  obtained  with  thick  and  thin  tubes. 

Having  outlined  the  general  procedure,  it  will  next  be  inquired  if  like 
excitation  potentials  in  the  two  tubes  of  Figs.  5  and  6  produce  absorption 
curves  which  are  subject  to  the  same  correlation  as  curves  CB  and  AB 
(Fig.  4)  just  treated.  In  other  words,  is  the  radiation  from  the  thick-wall 
pyrex  tube  (Fig.  6)  of  the  same  quality  as  that  from  the  thin-wall  tube 
(Fig.  5)  after  passing  through  some  unknown  thickness  of  copper? 

By  taking  the  curves  of  Fig.  6  and  fitting  them  as  just  described  to  the 
curves  of  like  excitation  potential  in  Fig.  5,  a  very  satisfactory  correlation 
is  obtained.     The  curves  of  Fig.  8  are  those  of  Fig.  5  reproduced;  the 
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plotted  points  on  these  curves  are  from  the  corresponding  curves  of 
Fig.  6,  each  point  on  the  extreme  left  indicating  the  thickness  of  copper 
(about  0.1  mm.),  which  would  make  up  the  difference  in  effect  of  the  walls 
of  the  two  tubes.  As  may  be  expected,  this  thickness  varies  somewhat 
with  the  excitation  potential,  because  the  spectral  absorption  in  glass  is 
not  the  same  as  in  copper. 

From  the  consistency  of  this  correlation,  in  which  it  is  obvious  that 
absorption  curves  corresponding  to  different  excitation  potentials  do  not 
fit,  it  is  to  be  concluded  that  the  shape  of  the  absorption  curve  is  char- 
acteristic of  the  excitation  potential.     On  the  other  hand,  the  coordinate 

Table  5.— Aluminum  Equivalents  of  Lime  Glass  for  Radiations  Excited  by 
Various  Constant  Potentials  and  Filtered  by  0.45  mm.  of  Lime  Glass 


Thick- 

60 kv.  (const.) 

80  kv.  (const.) 

100  kv.  (const.) 

ness  of 
lime 
glass, 
mm. 

log 

percentage 

transmission 

Al, 

thickness, 

mm. 

log 

percentage 

transmission 

Al, 

thickness, 

mm. 

log 

percentage 

transmission 

Al, 

thickness, 
mm. 

0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

2.00 

1.607 

1.516 

1.403 

1.295 

1.185 

1.072 

0 

0.42 

0.84 

1.26 

1.72 

2.16 

2.56 

2.00 

1,690 

1.558 

1.461 

1.373 

1.286 

1.199 

0 

0.47 

0.86 

1.38 

1.76 

2.23 

2.74 

2.00 

1.751 

1.605 

1.526 

1.459 

1.395 

1 .  322 

0 

0.48 

0.88 

1.33 

1.78 

2.24 

2.77 

displacement  of  the  given  curve  from  that  of  the  basic  curve  is  char- 
acteristic of  the  filtration  between  the  target  and  the  point  of  measure- 
ment. Having  a  family  of  such  curves  (as  in  Fig.  5),  in  which  the 
constant  excitation  potential  varies  by  steps  of  practicable  magnitude,  it  is 
clear  that  instead  of  using  the  complete  absorption  curve  to  specify  the 
quality  of  the  radiation,  we  may  use  the  more  convenient  magnitudes: 
excitation  potential  (constant)  and  initial  filtration.  Since  the  radiation 
from  various  wave  forms  of  excitation  potential  may  be  simply  and 
adequately  equated  to  that  of  some  equivalent  constant-potential  excita- 
tion, the  quality  of  any  given  radiation  may  he  specified  hy  its  equivalent 
constant  excitation  potential  and  the  initial  filtration.  This  initial  filtration 
is  desirably  expressed  in  terms  of  the  equivalent  copper  or  aluminum. 

Absorption  in  Tube  Walls.— Y or  the  purpose  of  evaluating  the  absorp- 
tion of  radiation  by  the  glass  tube  walls,  copper  and  aluminum  equivalents 
of  lime  and  pyrex  glass  are  given  in  Tables  4  and  5.  At  least  in  the  case 
of  the  thick  pyrex  glass  tubes  now  commonly  used,  the  tube-wall  filtration 
should  be  taken  into  consideration  when  describing  the  radiation  quality. 
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Standard  Absorption  Curves  from  225  to  550  Kv. — To  permit  extension 
of  the  complete  absorption-curve  method  of  specifying  radiation  quality 
to  tube  potentials  above  250  kv.,  the  copper  absorption  data  for  voltages 
up  to  550  kv.  (constant)  are  given  in  Table  6.  The  initial  filtration  in  this 
case  is  6.4  mm.  of  steel  plus  13  mm.  of  water,  which  together  are  equiva- 
lent to  about  6  mm.  Cu.  Absorption  curves  obtained  with  greater 
initial  filtration  can  be  readily  correlated  with  curves  plotted  from 
Table  6,  in  the  same  manner  as  those  of  Fig.  6  with  Fig.  5;  but  not  so  with 
curves  of  lower  initial  filtration,  because  of  the  uncertainty  with  which  the 
magnitudes  can  be  extrapolated  toward  the  higher  transmissions.     In 

Table  6. — Absorption  of  General  X-radiation  in  Copper 
(Tube  wall,  6.4  mm.  steel  +  13.0  mm.  water) 


log  10  percentage  transmission 

Filter 

mm. 

225 

250 

275 

300 

325 

350 

400 

450 

500 

550 

kv. 

kv. 

kv. 

kv. 

kv. 

kv. 

kv. 

kv. 

kv. 

kv. 

0 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2 

1.685 

1.745 

1.781 

1.798 

1.812 

1.825 

1.845 

1.861 

1.873 

1.883 

4 

1.450 

1.550 

1.605 

1.630 

1.653 

1.672 

1.705 

1.733 

1.757 

1.777 

6 

1.240 

1.384 

1.447 

1.478 

1.507 

1.532 

1.575 

1.612 

1.645 

1.674 

8 

1.075 

1.220 

1.300 

1.340 

1.375 

1.406 

1.458 

1.502 

1.540 

1.574 

10 

0.920 

1.060 

1.158 

1.208 

1.248 

1.283 

1.343 

1.393 

1.438 

1.476 

12 

1.021 

1.072 

1.118 

1.161 

1.233 

1.290 

1.340 

1.384 

14 

0.890 

0.948 

1.000 

1.046 

1.125 

1.190 

1.245 

1.296 

16 

0.825 

0.887 

0.940 

1.026 

1.095 

1.152 

1.203 

other  words,  although  these  curves  can  be  of  value  as  standards,  they  do 
not  have  the  range  of  application  reserved  to  basic  curves,  i.e.,  of  radiation 
subjected  to  zero  filtration. 

SECONDARY  METHODS  OF  EXPRESSING  X-RAY  QUALITY 

Effective  Wave-length.— From  the  same  absorption  data  necessary  for 
the  determination  of  the  equivalent  voltage,  and  plotted  as  in  Figs. 
5  to  7,  there  may  be  determined  an  effective  absorption  coefficient  and  a 
corresponding  effective  wave-length,  both  of  which  have  found  some  use 
in  practice.  The  slope  of  a  semilogarithmic  absorption  curve  at  any 
point  gives  directly  the  absorption  coefficient  He  in  copper  of  the  hetero- 
geneous radiation  corresponding  to  the  particular  thickness  for  which  the 
point  is  chosen. 

This  follows  from  the  absorption  law 

where  h  is  the  incident  intensity,  /  the  transmitted  intensity  through  a 
filter  of  thickness  x,  and  He  is  the  efifective  absorption  coeflicient. 
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Rewriting  (4),  we  have 


log. 


2.3  logio  T 

1  0 


=     —fJieX 


(5) 


which  is  the  equation  of  a  straight  Hne  of  slope  -/x.  when  log,  I/h  is 
plotted  against  x.     (Note  that  logarithms  to  the  base  10  are  used  in 

Figs.  5  to  7;  hence  the  slopes  must  be 
multiplied  by  2.3  in  determining  fXe.) 

Corresponding  to  He  may  be  assigned 
a  so-called  effective  wave-length  Xe. 
From  monochromatic  X-ray  absorption 
data  in  copper  or  aluminum  may  be 
found  a  wave-length  X,  for  which  the 
monochromatic  absorption  coefficient  fx 
is  numerically  equal  to  /Xe-  Then 
X  =  X„  the  true  effective  wave-length 
(44).  Thus  we  have  the  definition 
that  the  effective  wave-length  of 
Fig.      9. — Effective      wave-length  hetcrogeneous  radiation  is  numerically 

(Duane)  as  a  function  of  the  percentage 
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transmission  of  given  filters. 


equal  to  the  wave-length  of  that 
monochromatic    radiation    which    has 

the  same  absorption  coefficient  as  the  heterogeneous  radiation  in  question. 
Where  tables  giving  absorption  data  are  not  available,  m  may  be 

calculated  from  Richtmyer's  equations  (34) 


(Copper)        ^  =  153X^  +  0.2 
P 

(Aluminum)  ^  =  14.45X-^  +  0.15 
P 


(6) 
{6a) 


where  /x  is  the  absorption  coefficient  for  wave-length  X  and  p  is  the  filter 
density  (pcu  =  8.94  gm./cc.  and  pm  =  2.70  gm./cc).  These  ^equations 
apply  closely  for  effective  wave-lengths  between  0.12  and  0.4  A. 

An  approximation  to  the  effective  wave-length  X^  described  above 
is  obtained  by  a  less  laborious  (and  less  accurate)  procedure  originally 
proposed  by  Duane  (19).  From  equations  5  and  6  he  calculates  (a)  the 
percentage  by  which  the  X-ray  beam  is  reduced  in  passing  through  a  given 
fixed  filter,  and  (6)  the  wave-length  of  the  monochromatic  beam  which  is 
reduced  by  the  same  amount,  the  latter  being  defined  by  him  as  the 
effective  wave-length,  X^„.  Figure  9  gives  a  plot  of  the  Duane  effective 
wave-length  X^ff  against  the  percentage  transmission  of  the  given  filter. 
The  final  result  by  this  method  is  given  through  the  slope  of  the  cord  to  a 
point  on  the  complete  absorption  curve  as  against,  more  properly,  the 
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Fig.  10. — Half-value  layers  of  copper.     (Holthusen.) 
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slope  of  the  tangent.  Of  course,  where  the  curvature  is  very  small,  the 
tangent  and  cord  nearly  coincide  and  the  two  effective  wave-lengths  are 
nearly  alike.  The  main  drawback  to  Duane's  method  is  that  it  gives  a 
different  result  for  every  filter  thickness  employed  (33). 

Half-value  Layer.— Another  means  of  expressing  quality,  known  as  the 
half-value  method,  is  used  extensively  in  Europe  (8).     By  this,  a  given 
radiation  quality  is  described  as  the  thickness  of  copper  (or  aluminum) 
which  placed  in  an  X-ray  beam  reduces  the  intensity  to  half  its  incident 
value      The  result  is  expressed  in  millimeters  of  copper  (or  aluminum). 
For  the  higher  voltages,  the  H.V.L.  of  copper  is  used.     On  dropping  to 
lower  voltages  the  H.V.L.   of  copper  decreases  rapidly  and  when  it 
becomes  less  than  0.1  mm.,  H.V.L.  values  of  aluminum  are  used  instead. 
To  obtain  the  H.V.L.  for  a  given  beam,  filters  of  gradually  increasing 
thickness  are  placed  in  the  beam  and  the  transmitted  intensity  read  by  a 
suitable    ionization    chamber.     The    transmitted    intensities    are    then 
plotted  against  the  corresponding  filters  and  that  filtration  correspondmg 
to  the  desired  half-intensity  is  read  from  the  graph.     It  is  important  to 
note  that  the  H.V.L.  measurements  should  be  made  on  the  beam  actually 
used  for  treatment,  not  on  the  original  unfiltered  beam   (unless  the 
unfiltered  is  being  used).     Figures  10  and  11  give  half-value  layers  for 
copper    and    aluminum    for    various    constant    voltages    and    various 
filtrations  (21). 

STANDARD  MEASUREMENT  OF  X-RAY  QUANTITY  OR  INTENSITY 

International   Definition   of  X-ray    Quantity.— As  noted  above,  the 
property  of  X-rays  which  permits  them  to  ionize  a  gas  forms  the  present- 
day  basis  of  X-ray-intensity  measurements.     The  ionization  produced  by 
a  given  beam  is  proportional  to  the  energy  absorbed  from  the  beam  by 
the  gas  between  X  0.1  and  1.5  A.     This  in  turn  is  a  function  of  the  density 
of  the  gas,  or  of  the  number  of  atoms  encountered  by  the  X-ray  m  a  given 
distance  along  its  path.     The  absorption  is  likewise  approximately  pro- 
portional to  the  fourth  power  of  the  atomic  number  of  the  gas  and  to  the 
third  power  of  the  wave-length  of  the  X-rays.     As  already  pointed  out, 
in  detail,  the  wave-length  dependence  of  the  absorption  is  the  factor 
which  necessitates  the  quality  specification  in  intensity  measurements. 
The  dependence  upon  the  atomic  number  of  the  gas  would  be  of  utmost 
importance  if  various  gases  were  commonly  employed  in  practice.     This 
undesirable  complication  is  avoided  by  the  arbitrary  choice  of  a  single 
gas  for  all  comparative  purposes. 

For  the  ionized  medium,  air  has  been  chosen  for  two  particular  reasons : 
(a)  because  its  effective  atomic  number  is  very  nearly  the  same  as  for 
body  tissue  (the  X-ray  absorption  per  gram  is  nearly  the  same  for  air, 
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water,  and  body  tissue  over  a  wide  range  of  wave-lengths),  and  (6)  for 
convenience  and  ready  reproducibility.  Therefore,  the  internationally 
accepted  unit  of  X-ray  quantity  is  determined  by  the  ionization  produced 
in  0.001293  gm.  of  air.  The  definition  accepted  by  the  United  States 
(56)  differs  from  the  international  definition  only  in  being  less  ambiguous 
for  voltages  above  200  kv.,  and  reads  as  follows:  "The  roentgen  is  the 
quantity  of  X-radiation  which,  when  the  secondary  electrons  are  fully 
utilized  and  the  effects  of  all  scattered  radiation  avoided,  produces  in 
1  cubic  centimeter  of  atmospheric  air  at  0°C.  and  76  cm.  mercury  pres- 
sure such  a  degree  of  conductivity  that  1  e.s.u.  of  charge  is  measured 
under  saturation  conditions." 

The  problem  of  realizing  the  roentgen  is  then  resolved,  essentially, 
into  two  parts:  (a)  segregating  a  known  volume  of  air  which  is  ionized 
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Fig.  12. — Parallel-plate  standard  ionization  chamber. 

by  the  beam  in  question,  and  (6)  measuring  the  number  of  ions  produced 
in  that  volume.  Actually  neither  of  these  quantities  is  obtainable 
directly,  although  the  indirect  methods  to  be  described  below  do  not 
introduce  any  uncertainties,  at  least  up  to  200  kv. 

Standard  Free-air  Ionization  Chamber. — The  roentgen  may  be  realized 
by  means  of  the  conventional  ionization  chamber  shown  diagrammati- 
cally  in  Fig.  12 — (the  figure  is  drawn  out  of  proportion  in  order  to  empha- 
size certain  essential  features).  The  chamber  proper  consists  of  a  flat 
plate  H  which  is  maintained  at  a  suitable  potential  by  a  battery. 
The  ion  collector  C  is  connected  to  an  electrometer  of  such  type  that 
when  in  operation,  C  is  maintained  at  ground  potential  (cf.  page  72). 
G,  G  are  guard  plates  on  each  side  of  C  along  the  direction  of  the  beam. 

The  electric  field  (lines  of  force)  between  H  and  the  three  plates  G,  C,G 
are  roughly  as  shown,  bulging  outward  at  the  ends  and  gradually  becom- 
ing parallel  at  the  center  of  the  chamber.  It  has  been  found  experi- 
mentally that  the  electric  field  between  a  pair  of  parallel  plates  becomes 
uniform  at  a  distance  from  the  ends  about  1}^  times  the  plate  separation 
(11,  17,  42).  Hence,  in  the  figure,  if  the  guard-plate  widths  are  13-^ 
times  the  spacing  GH,  then  the  region  between  the  lines  aa'  will  have  a 
uniform  electric  field  (or  parallel  lines  of  force).  X-rays  in  passing 
between  the  plates  produce  ions  which  are  drawn  to  the  plates  along 
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the  paths  of  the  force  Hnes,  and  it  is,  therefore,  necessary  to  know 
exactly  which  hnes  terminate  on  the  grounded  guard  plates  and  on  the 
insulated  plate  C  which  is  connected  to  the  electrometer. 

Since  there  must  be  a  finite  spacing  between  the  edges  of  plates  C  and 
G,  and  the  lines  of  force  are  supposed  to  be  parallel  in  these  regions,  the 
plate  C  has  an  effective  width  greater  than  its  actual  width  by  an  amount 
equal  to  half  the  total  gap  between  the  collector  C  and  the  two  guards  G. 
The  effective  width  of  C  is  also  affected  by  its  potential  with  respect  to 
the  guard  plates,  being  that  given  above  only  when  the  potential  of  C 
is  the  same  as  G  (42).  On  the  other  hand,  according  as  C  is  above  or 
below  the  potential  of  G,  its  effective  width  may  be  less  or  greater  than 
the  correct  value.  This  is  caused  by  field  distortion,  where,  owing  to  the 
small  spacing  between  C  and  G,  the  field  strength  may  be  comparatively 
large.  In  accurate  measurements  a  potential  difference  of  0.5  volt 
between  guard  and  collector  spaced  0.5  mm.  apart  may  introduce  a 
noticeable  error  in  the  results  even  though  the  field  strength  between  C 
and  H  be  as  much  as  200  volts/cm. 

In  order  to  maintain  the  collector  plate  at  the  same  potential  as  the 
guards  (earth)  during  measurements,  it  is  necessary  to  employ  a  null  or 
other  equivalent  current-measuring  device  (2,  3,  12,  13,  25,  45).  A 
sensitive  galvanometer  is  suitable  for  such  measurements,  although  for 
very  weak  X-ray  beams  the  ionization  current  is  usually  too  small  to 
permit  the  use  of  this  method.  Various  electrostatic  and  vacuum-tube 
measuring  devices  have  been  successfully  used  for  the  whole  practical 
range  of  X-ray  intensities,  but  space  does  not  permit  their  discussion 
here  (see  pages  75  and  77). 

Effective  Volume  of  Air  Ionized.— The  volume  of  air  ionized  by  a 
limited  beam  of  X-rays  cannot  be  determined  accurately  with  the 
requisite  accuracy,  the  reason  therefor  being  evident  from  Fig.  12.  The 
focal  spot  F  is  usually  at  least  8  mm.  in  diameter;  hence  a  beam  after 
limitation  by  a  diaphragm  D  consists  of  an  umbral  region  u  of  uniform 
flux  density  and  a  penumbral  region  p  of  nonuniform  flux  density. 
Moreover,  ions  are  formed  along  the  secondary  electron  tracks  e,  and  form 
scattered  X-rays  both  of  which  may  be  outside  of  the  defined  beam. 
It  is  obvious  from  these  considerations  alone  that  the  direct  volume  deter- 
minations are  rendered  impracticable. 

Its  indirect  determination  is  rendered  simple  and  exact  by  the  fact 
that  all  of  the  X-ray  flux  incident  on  the  area  of  the  aperture  D  tra- 
verses the  chamber,  a  fraction  of  which  is  absorbed  in  producing  ions 
between  a  and  a'  (3,  11,  41).  The  only  assumption  involved  is  that 
absorption  of  the  X-rays  by  the  air  between  D  and  a  is  negligible  m 
comparison  with  total  flux.  This  is  valid  except  for  the  very  soft  X-rays 
—below  60  kv.— where  a  correction  must  be  made.     The  effective  volume 
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of  air  ionized  is  then  taken  as  that  of  a  cyUnder  of  cross  sections  equal  to 
the  area  of  D  and  length  equal  to  the  effective  length  of  the  collector 
electrode  C  (the  distance  a  to  a'). 

Secondary  Effects. — To  insure  full  utilization  of  the  X-ray  flux  through 
the  chambers  two  other  factors  must  be  taken  into  consideration:  (a) 
The  spacing  between  C  and  H  must  be  sufficient  to  permit  the  recoil 
electrons  e  to  expend  their  total  energy  in  producing  ions  before  striking 
the  plates.  For  a  narrow  (1  cm.)  beam  of  200-kv,  (peak)  X-rays  a  spacing 
of  10  cm.  between  C  and  H  is  sufficient.  This  spacing  varies  with  the 
exciting  X-ray  voltage,  although  for  practical  purposes  it  does  not  appear 
to  increase  indefinitely  with  increasing  voltage.  (6)  Precaution  must  also 
be  taken  that  sufficient  electric  field  be  provided  between  C  and  H  to 
produce  saturation,  that  is,  pull  all  the  ions  to  C  or  H  before  an  appreci- 
able number  are  lost  by  recombination.  For  most  X-ray  flux  densities 
encountered  in  practice,  field  strength  of  100  to  150  volts/cm.  is  sufficient. 
For  very  high  ion  concentrations,  greater  fields  may  be  required. 

Since  the  ionization  current  is  a  function  of  the  mass  absorption  of 
X-rays  by  air,  correction  must  be  made  for  the  air  temperature  and 
pressure  as  stipulated  in  the  definition.  Accordingly,  the  air  volume  is 
reduced  to  that  under  normal  conditions,  0°  C.  and  76  cm.  Hg  pressure, 
by  Charles's  and  Boyle's  law. 

In  further  satisfaction  of  the  definition  of  the  roentgen,  secondary 
effects  from  the  walls  and  plates  of  the  chamber  are  reduced  to  a  minimum 
by  making  them  of  low-atomic-number  material,  carbon  or  aluminum. 
Thus  any  tertiary  X-rays  excited  by  secondary  X-rays  from  the  main 
beam  in  striking  the  plates  are  of  such  long  w^ave-length  as  to  be  quickly 
absorbed  before  having  an  opportunity  to  produce  an  appreciable  number 
of  ions  in  the  measuring  volume.  Following  out  the  procedures  given 
above,  the  intensity  of  an  X-ray  beam  as  measured  in  terms  of  roentgens 
is  given  by  the  following  formula: 

/  i        ^      T      760  (^. 

where  i  is  the  current  to  the  collector  electrode  measured  in  electrostatic 
units,  I  the  effective  length  of  the  collector  electrode,  a  the  area  of  the 
Hmiting  diaphragm  in  square  centimeters,  T  the  absolute  temperature, 
and  P  the  pressure  in  millimeters.  Where  the  current  is  measured  in 
amperes,  the  result  must  be  multiplied  by  3^  X  10~^. 

RECOMMENDATIONS    CONCERNING   X-RAY    STANDARDS    ADOPTED     BY 

THE  NATIONAL  LABORATORIES 

As  a  result  of  an  intercomparison  of  their  standards  (1,  46),  the 
National  Laboratories  of  the  United  States,  England,  Germany,  and 
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France  have  drawn  up  certain  recommendations  (57)  on  the  technique  of 
measuring  the  roentgen. 

THE   MEASUREMENT    OF   QUALITY 

X-ray  Quality  (Hardness,  Spectral  Distribution).— The  term  X-ray 
quahty  relates  to  the  composition  of  an  X-ray  beam  as  determined  by 
the  spectral  range  and  energy  distribution.  In  the  case  of  homogeneous 
X-rays,  the  quality  may  be  expressed  in  terms  of  the  wave-length  of  the 
radiation,  measured  in  Angstrom  units  (1  A  =  10-«  cm.  =  1000  X.U.). 
In  the  case  of  the  heterogeneous  X-rays  which  occur  in  practice,  a  conven- 
ient practical  classification  quality  is  given  below:  Following  the  desig- 
nation of  the  rays,  there  are  given  in  order,  first  the  approximate  range 
of  applied  potential  (kilovolt  peak),  and  then  the  equivalent  end-radi- 
ation limits  in  Angstroms,  thus, 

o 

Ultra-soft  Grenz  radiation,  5  to  10  kv.,  2.5  to  0.6  A. 

Soft  radiation  for  diagnostic  work  and  superficial  therapy,  20  to  120  kv.,  0.6 

to  0.1  A.  ^or  5 

Hard  radiation  for  deep  therapy,  120  to  250  kv.,  0.1  to  0.05  A. 
Extra-hard  or  super-hard  radiation  for  highest  potential  therapy,  over  250  kv.,  less 

than  0.05  A. 

Quality  Specification.— In  medical  practice  it  is  not  convenient  to 
express  the  quality  of  heterogeneous  radiation  in  terms  of  its  spectral 
distribution.  The  quality  may,  however,  be  expressed  with  sufficient 
accuracy  for  such  purposes  by  a  statement  of  generating  conditions  and 

absorption  data,  e.g. : 

A.  Generating  conditions:  (a)  The  target  material.  (6)  Either  the 
peak  or  r.m.s.  value  of  the  potential  applied  to  the  X-ray  tube,  (c)  The 
potential  wave  form   {e.g.,   constant  or  pulsating),     {d)   The  type  of 

filtration. 

B.  Absorption  data:  (o)  Form  of  the  total  absorption  curve  m  cellu- 
loid for  ultra-soft  radiation  (5  to  29  kv.) ;  aluminum  for  soft  radiation 
(20  to  120  kv.) ;  copper  for  hard  radiation  (100  to  250  kv.) ;  copper  or  lead 
for  ultra-hard  radiation  (above  250  kv.).  (6)  Frequently,  it  is  sufficient 
for  practical  purposes  to  state  the  thickness  in  millimeters  of  absorbmg 
material  (celluloid,  aluminum,  copper  or,  lead)  which,  by  insertion  m 
the  beam  of  radiation  reduces  the  irradiation— ionometric  intensity— 
to  one-half  (half-value  layer). 

MEASUREMENT  OF  THE  ROENTGEN 

Recent  international  comparison  has  shown  that  an  agreement  to 
within  at  least  ±  1  per  cent  is  attainable  between  the  standard  X-ray 
dosage  measurements  of  the  participating  laboratories.     The  following 
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experimental  precautions  should  be  adopted  in  standard  measurements: 
X-ray  Tube. — The  X-ray  tube  should  be  of  the  hot-cathode  type  with 
tungsten  target.  The  focal  spot  should  be  as  small  and  as  uniform  as 
possible  and  the  target  should  not  be  appreciably  pitted.  Tube  current 
and  applied  potential  shall  be  kept  constant  with  the  requisite  degree  of 
accuracy  during  a  test. 

X-ray  Beam. — A  diaphragm  of  suitable  aperture  shall  be  mounted  as 
near  as  possible  to  the  X-ray  tube  so  that  the  X-ray  beam  utilized  shall 
include  a  maximum  of  radiation  from  the  focal  spot,  and  a  minimum 
of  off-focus  radiation.  The  uniformity  of  the  radiation  field  of  the  test 
beam  shall  be  verified  by  ionization  or  photographic  methods.  For 
measurements  made  at  different  focal  distances,  de\iation  from  the 
inverse  square  law  should  not  exceed  the  specified  measurement  accuracy. 
The  certainty  of  this  shall  be  verified  by  special  test.  Where,  for  practical 
reasons,  the  inverse  square  law  does  not  hold,  the  accuracy  of  the  results 
is  likely  to  be  increased  by  conducting  the  measurements  as  far  as  possible 
from  the  X-ray  tube. 

Standard  Ionization  Ckamber. — A.  Chambers  for  either  soft  or  hard 
radiation:  Chambers  used  for  measurement  (in  roentgens)  of  either  soft 
or  hard  X-rays  shall  be  of  the  open-air  type  (free-air,  Fasskammer) 
wherein  the  measured  ions  are  produced  in  a  column  of  air  which  is  not 
bounded  by  walls.  Different  forms  of  such  chambers  have  been  found 
to  be  satisfactory  by  the  participating  laboratories.  For  full  con- 
structional details  the  several  publications  of  the  laboratories  may  be 
referred  to.  The  following  general  conditions  shall  be  satisfied  by 
standard  chambers: 

a.  The  ionization  chamber  shall  be  of  such  dimensions  and  so  con- 
structed that: 

1.  The  spacing  between  the  measuring  and  the  high-potential  elec- 
trodes is  sufficient  to  insure  full  utilization  of  the  secondary  electrons. 

2.  The  electric  field  between  electrodes  is  sufficient  to  insure  satura- 
tion. Chamber  forms  which  make  the  attainment  of  saturation  difficult 
are  unsuitable. 

3.  Distortion  of  the  electric  field  between  the  measuring  and  the  high- 
potential  electrodes  is  avoided  as  far  as  possible,  for  example,  by  the  use 
of  suitable  guard  electrodes  or  a  guarded  field. 

b.  A  chamber  diaphragm  (entrant  diaphragm,  limiting  diaphragm) 
shall  be  mounted  to  provide  an  entrance  for  the  X-ray  beam  to  the 
chamber  and  shall  conform  to  the  following  general  conditions: 

1.  The  material  out  of  which  the  diaphragm  is  made  shall  be  of  the 
minimum  thickness  which  will  permit  not  more  than  one  part  in  a 
thousand  (Jlooo)  of  the  measured  radiation  to  pass  through  the  material 
itself. 
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2.  The  diameter  of  its  aperture  should  be  approximately  equal  to  the 
diameter  of  the  focal  spot  of  the  X-ray  tube,  but  always  such  as  to  limit 
the  beam  entering  the  chamber  to  one  of  uniform  intensity  of  cross 

section. 

3.  The  aperture  should  preferably  be  cylindrical  on  account  ot  the 
ease  of  construction  and  accuracy  of  measurement.  A  covering  material 
such  as  cellophane  shall  not  be  used. 

4.  The  distance  of  the  chamber  diaphragm  from  the  measurmg 
electrode  shall  not  be  unnecessarily  large,  in  order  that  the  correction  for 
air  absorption  of  the  rays  along  the  path  of  the  beam  between  the  dia- 
phragm and  the  electrode  shall  be  a  minimum. 

5.  Precautions  shall  be  taken  to  avoid  a  measurable  amount  of 
scattered  electrons  or  secondary  radiation  originating  at  the  rim  of  the 
chamber  diaphragm  from  reaching  the  measuring  volume.  For  example, 
a  second  larger  diaphragm  whose  rim  is  not  struck  by  the  direct  beam  of 
radiation  may  be  placed  between  the  chamber  diaphragm  and  measurmg 

electrode. 

c.  The  ionization  current  is  preferably  measured  by  a  null  method  so 
that  a  distorting  electric  field  does  not  exist  between  the  guard  and  meas- 
uring electrodes.     Radioactive  compensators  should  be  of  the  constant 

capacity  type. 

B.  Chambers  for  soft  radiation :  For  the  field  of  diagnostics  and  super- 
ficial therapy  (soft  radiation),  a  chamber  smaller  than  for  the  hard 
radiation  may  be  used  to  advantage.  This  should,  of  course,  agree  with 
the  larger  chamber  over  the  greatest  possible  quality  range. 

C.  Chambers  for  ultra-soft  and  super-hard  radiation:  While  pre- 
Uminary  studies  have  indicated  the  probability  that  the  standard  ioniza- 
tion chamber  employed  for  soft  and  hard  radiation  may  be  satisfactorily 
modified  for  use  with  ultra-soft  and  super-hard  radiation,  sufficient  experi- 
ence has  not  yet  been  gained  to  justify  international  agreement  thereon. 

CALIBRATION    OF  X-RAY    DOSEMETERS 

{Roentgenometers,  Dosemeters,  Irradiometers,  Intensimeters,  Etc.) 

Small  Ionization  Chambers.— (a)  Small  ionization  chambers  such  as  are 
frequently  used  in  practice  should  be  so  designed  and  constructed  as  to  be 
independent  of  quality  within  the  spectral  range  for  which  they  are 
intended.  (6)  Such  chambers  shall  be  equipped  with  suitable  arrange-, 
merits  for  checking  the  constancy  of  their  cahbration.  (c)  There  shall  be 
no  ionization  in  the  instrument  extraneous  to  that  in  the  small  chamber 

itself.  r         11 

Calibration  of  Small  Ionization  Chambers.— (a)  Calibrations  ot  small 

chambers  may  be  carried  out  by  either  a  direct-replacement  method;  or  a 
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method  depending  upon  the  inverse  square  law  when  its  vahdity  has  been 
proved.  (6)  Approximately  the  same  portion  of  the  test  beam  should 
be  used  for  both  standard  chamber  and  small  chamber.  This  should  be 
chosen  from  a  portion  of  the  main  beam  which  is  uniform,  (c)  Walled 
chambers  of  the  thimble  type  shall  be  completely  enveloped  by  the  test 
beam,  (d)  Filters  necessary  in  the  caUbration  of  small  chambers  shall  be 
so  placed  in  the  X-ray  beam  that  the  effect  of  secondary  radiation 
therefrom  is  not  included  in  the  measurements. 

Reports  on  the  Calibration  of  Small  Chambers. — In  reports  on  the  above 
types  of  instruments,  the  participating  laboratories  will  normally  include 
the  following:  (a)  The  equivalent  in  roentgens  of  the  overall  (or  other 
desired)  reading  of  the  scale  for  each  quahty  of  test  beam  used.  (6) 
Data  on  the  quality  of  each  test  beam  used  (in  accordance  with  the 
specifications  given  in  the  last  paragraph,  (c)  The  temperature  and 
pressure  at  which  the  cahbration  was  conducted,  together  with  correction 
factors  for  other  temperatures  and  pressures,  (d)  Data  on  the  irradiation 
(Dosisleistung,  ionometric  intensity)  which  was  used  for  the  calibration, 
hence  for  which  the  calibration  is  valid,  (e)  Data  on  the  means  provided 
to  check  the  secular  constancy  of  the  sensitivity  of  the  instrument. 

TYPES    OF    STANDARD    CHAMBERS 

Standard  ionization  chambers  of  the  open-air  type  may  have  various 
forms,  all  of  which  should  be  equally  reliable  when  properly  constructed. 
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Fig.  1.3. — Barrel  or  cylindrical  ionization  chamber. 

The  simple  parallel-plate  type  has  already  been  discussed  in  sufficient 
detail  so  that  the  others  may  be  but  briefly  described— further  details 
being  obtainable  in  the  original  publications. 

The  barrel  or  cylindrical  chamber  (Fig.  13)  is  practically  the  same  in 
principle  as  the  parallel-plate  type  (3).  Here  the  high-potential  electrode 
is  a  closed  cylinder  H  which  surrounds  the  collector  electrode  C  and  the 
guards  G,  all  of  which  are  rods  of  small  diameter  which  may  be  placed 
either  coaxially  or  eccentrically  (parallel  to  the  axis).  The  electric  field 
is  not  uniform  as  for  the  parallel-plate  chamber,  but  is  radial.  To  insure 
a  field  strength  sufficient  for  saturation  at  a  given  distance  from  the 
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collector  requires  greater  total  plate  potentials  than  the  parallel-plate 
chamber,  and  while  this  offers  no  serious  objections,  care  must  always  be 
taken  that  the  beam  passes  through  the  same  portion  of  the  chamber  (36). 
A  field  strength  just  sufficient  to  produce  saturation  at  a  given  pomt 
would  be  insufficient  at  a  point  farther  from  the  collector.  Field  distor- 
tion along  the  length  of  the  chamber  is  essentially  the  same  as  in  the 
parallel-plate  type. 

A  third  type  known  as  the  drumhead  ionization  chamber  (Fig.  14)  has 
some  desirable  features  (12),  although  it  has  not  yet  been  extensively  used 
as  a  standard.  In  this  the  high-potential  and  collector  electrodes  are 
parallel  plates  arranged  as  shown,  the  radiation  now  passing  through,  and 

not  just  between  the  plates.  Where 
the  plates  are  very  thin  and  made 
of  low-atomic-number  material  their 
effect  in  producing  secondary  X-rays 
and  electrons  is  negligible.  Suitable 
plates  at  least  for  higher  voltage 
radiations  have  been  made  of  silk 
cloth,  goldbeater  skin,  or  a  silk 
thread  mesh,  each  rendered  suitably 
conducting  by  light  coatings  of 
India  ink  or  "aquadag." 

The  ionized  volume  is  given  by 
the  product  of  length  of  the  path 
between  the  two  high-potential  elec- 
trodes H  and  the  area  of  the  dia- 
phragm D.     Except  in  extreme  cases,  field  distortion  is  of  no  importance. 
Such  a  chamber  has  the  advantage  of  offering  a  relatively  large  volume  of 
ionized  air,  with  consequent  increase  in  ionization  current. 

In  the  three  types  of  chambers  discussed  in  the  foregoing  it  is  neces- 
sary, in  general,  that  the  electrode  system  be  surrounded  by  a  metal  case 
which  serves  the  double  purpose  of  providing  electrostatic  shielding  and 
shutting  off  any  stray  X-ray  radiation.  Such  a  shield  may,  if  placed  too 
close  to  the  electrodes,  introduce  undesirable  field  distortion.  In  the 
case  of  the  parallel-plate  chamber  a  separation  between  the  shield  and 
high-potential  electrode  (11)  approximately  equal  to  the  plate  spacing,  is 
sufficient  to  avoid  field  distortion.  This  means  that  for  a  10-cm.  collector 
electrode  the  complete  ionization  chamber  will  have  a  minimum  total 
length  of  65  cm.,  and  about  40  cm.  between  the  collector  electrode  C 
and  the  limiting  diaphragm  D. 

The  primary  standard  X-ray  ionization  chamber  employed  by  the 
National  Bureau  of  Standards  is  a  modification  of  the  parallel-plate 
type  (47).     The  principal  feature  of  this  is  the  avoidance  of  field  dis- 
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tortion  by  the  use  of  guard  wires  a,h,c,  .  .  .  ,  which  are  spaced  uniformly 
between  the  guards  and  high-potential  plates  (Fig.  15,  .4).  The  wires 
are  maintained  at  definite,  equally  graded,  potentials  by  means  of  a  high- 
resistance  potential  divider  as  shown.  Essentially,  this  system  prevents 
the  field  from  "bulging  out"  at  the  ends  of  the  chamber.  This  in  turn 
permits  a  shortening  of  the  guard  plates  and  allows  the  surrounding  shield 
to  be  brought  to  within  3  or  4  cm.  of  the  electrodes. 


To  elecfromefer 

A 


Grenz  Rays 


Elec.  B 

^/^n   ^^oTrf;    ^^*i°"^^   Bureau  of  Standards  guarded  field  standard  ionization  chamber 
(6U  -  200  kv.) ;  6,  guarded  field  standard  ionization  chamber  for  Grenz  rays  (3  -  90  kv). 

By  thus  shortening  these  distances,  it  is  possible  to  bring  the  limiting 
diaphragm  D  to  within  12  to  15  cm.  of  the  measuring  electrode.  This 
extends  the  range  of  usefulness  to  considerably  lower-voltage  X-rays 
without  necessitating  large  corrections  for  air  absorption  between 
diaphragm  P  and  collector  C. 

Standard  Measurement  of  Ionization  Currents.— Measurement  of  the 
ion  current  produced  in  primary  standard  chambers  necessitates  appa- 
ratus for  which  the  calibration  is  direct  as  well  as  permanent.  The 
ordinary  galvanometer  would  be  very  adaptable,  except  that  sufficiently 
large  ion  currents  to  produce  a  deflection  cannot  usually  be  obtained 
without  introducing  other  and  more  serious  errors.  As  a  result,  most 
standardization  laboratories  employ  some  form  of  electrostatic  measuring 
device  embodying  the  principle  of  current  compensation  (Fig.  16).  One 
circuit.  A,  consists  of  an  electrometer  E,  variable  condenser  C,  and  a 
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battery  of  known  potential  F  (11).  As  the  charge  +Q  from  the  ioniza- 
tion chamber  /  flows  onto  the  insulated  system  for  a  time  t,  the  condenser 
is  changed  through  a  capacity  (C2  -  d)  inducing  an  opposite  charge  -Q 
on  the  system,  so  as  to  always  maintain  the  electrometer  at  zero  deflec- 
tion. The  current  is  then  given  by  Q/t  =  v{C2  -  Ci)/t.  An  alternative 
method  (45)  is  to  keep  C  constant  and  vary  v  (Fig.  15,  B)  whence  the 
current  i  =  Q/t  =  €{¥2  -  Vi)/L  Since  the  accuracy  of  these  methods 
depends  only  on  measurements  of  capacitance,  voltage,  and  time,  it  is 
obvious  that  a  high  precision  is  obtainable.  Circuits  A  and  B  are  well 
adapted  to  a  simple  calibration  when  E  is  such  an  instrument  as  a  string 
or  quadrant  electrometer.     Where  ^  is  a  vacuum-tube  electrometer,  the 
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Fig.  16. — Standard  measuring  systems  for  very  small  currents. 

cahbration  becomes  less  direct  and  more  uncertain,  depending  upon 
the  constancy  of  the  vacuum-tube  characteristics. 

A  third  type  of  measuring  circuit  (Fig.  16,  C)  employs  a  radioactive 
compensator  RA  for  neutraUzing  the  ion  current  (13).  A  small  amount 
of  radium  is  sealed  in  a  tube  and  placed  in  the  chamber  RA,  to  which 
may  be  applied  a  known  variable  potential.  The  relationship  of  the 
radioactive  ionization  current  to  V  is  determined  by  separate  calibration. 
A  convenient  modification  consists  in  applying  a  fixed  potential  to  a 
variable  radioactive  source  of  ionization  (25)  so  designed  that  the  capacity 
of  the  system  remains  constant  during  any  change  in  the  compensator. 

In  a  fourth  method  (Fig.  16,  D)  a  known  potential  V  is  applied  across 
a  high  resistance  R  of  the  order  of  IQi"  ohms,  the  current  balance  being 
noted  by  the  electrometer  E.  Knowing  R,  the  current  is  given  directly 
by  Ohm's  law  /  =  V/R.  For  accurate  measurements  it  is  necessary 
that  R  be  calibrated  frequently  or  until  its  constancy  is  assured. 
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SECONDARY    IONIZATION    CHAMBERS 

For  the  measurement  of  X-rays  for  biological  purposes  it  is  of  course 
ob^dous  that  the  large  chambers  discussed  m  the  foregoing  are  imprac- 
tical, principally  because  they  lack  mobility.  This  lack  has  led  to  the 
development  of  the  small  so-called,  thimble  chamber.  Such  chambers 
(Fig.  17)  usually  consist  of  an  outer  shell  of  some  conducting  material 
which  is  earthed,  and  a  central  electrode  which  is  connected  to  a  suitable 
current-measuring  device  and  charged  to  a  potential  sufficient  to  insure 
saturation  between  it  and  the  surrounding  shell.     When  placed  in  an 
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Fig.  17. — Thimble  ionization  chambers.     Upper  radiographs  by  Glasser;  lower,  Friedrich 

chamber. 

X-ray  beam,  the  air  within  the  shell  is  ionized,  causing  the  charge  to 
leak  off  the  central  electrode.  The  loss  of  charge  Q  being  proportioned 
to  the  X-ray  quantity  is  given  by  the  fall  in  potential  of  the  charged 
system  as  indicated  on  the  electroscope  by  the  relation  Q  =  C(Fi  —  F2), 
where  C  is  the  electrostatic  capacity  of  the  complete  insulated  system 
and  Fi  and  F2  are  the  potentials  at  the  begmning  and  the  end  of  the 
exposure  of  the  chamber  to  the  X-rays. 

Wall  Effects. — In  general,  the  ionization  per  unit  volume  of  air  in  a 
thimble  chamber  will  not  be  the  same  as  that  in  an  open-air  standard, 
nor  even  proportional  to  it,  as  the  radiation  quality  changes.  This  is 
due  to  the  so-called  "wall  effect"  of  the  thimble  chamber.  X-rays  strik- 
ing the  walls  and  collector  electrode  of  the  chamber  produce  both  soft 
secondary  X-rays  and  photoelectrons,  both  of  which  contribute  to  the 
ionization  within  the  chamber  in  a  manner  different  from  that  in  the 
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open-air  chamber.  The  degree  of  the  ionization  from  this  source  depends 
principally  upon  the  atomic  number  of  the  wall  material. 

With  a  wall  made  of  some  material  having  the  same  atomic  number  as 
air,  the  ionization  in  the  enclosed  volume  due  to  secondary  X-rays  and 
electrons  should  theoretically  be  the  same  as  the  free  air  in  a  large 
chamber.  It  has  likewise  been  demonstrated  experimentally  (14,  15) 
that  a  wall  material  having  effectively  the  same  atomic  number  N^^f  as 

o 

air  will,  within  a  fairly  wide  range  of  wave-lengths  (0.1  to  1.5  A),  have  the 
same  effect  on  the  ionization  current  as  air.  The  effective  atomic  number 
A^^ff  is  given  by  the  relation 


iV.„  =   >.^1  +  "^NJ  +■■■ 

where  a  is  the  fractional  quantity  of  material  of  atomic  number  iV. 
By  suitably  choosing  a  and  N  in  the  materials  composing  a  thimble 
chamber,  its  effective  atomic  number  can  be  adjusted  to  7.69,  that  of  air. 

By  a  cut-and-try  method,  the  material,  shape,  and  position  of  the 
walls  and  collector  electrode  may  be  adjusted  so  that  the  photoelectrons 
from  them  produce  the  same  net  effect  as  air.  It  is  thus  possible  to 
make  a  chamber  having  a  graphite  shell  with  aluminum  collector  which 
will  give  readings  nearly  proportional  to  the  open-air  chamber  over  a 
wide  wave-length  range  of  the  harder  radiations. 

Method  of  Calibration. — Without  going  into  further  detail,  it  is  evident 
that  a  thimble  chamber  cannot  be  relied  upon  to  indicate  true  roentgens 
unless  calibrated  against  a  standard  open-air  ionization  chamber.  Even 
in  production  manufacture,  it  has  not  been  found  feasible  to  mechanically 
construct  thimble  chambers  having  identical  characteristics  without 
resorting  to  individual  calibrations.  To  cahbrate  a  thimble  chamber, 
the  intensity  of  an  X-ray  beam,  after  suitable  limitation  by  diaphragms, 
is  measured  in  roentgens  per  minute  at  a  given  point  with  a  standard 
free-air  ionization  chamber.  Holding  the  X-ray  output  steady,  the 
standard  chamber  is  removed  from  the  beam,  the  center  of  the  thimble 
chamber  placed  at  the  exact  position  of  the  front  edge  of  the  limiting 
diaphragm  (D,  Fig.  12)  of  the  standard  chamber,  and  the  time-rate  of 
deflection  noted  for  the  thimble-chamber  indicator.  This  must  be  done 
for  each  quality  of  radiation  for  which  the  instrument  is  to  be  used. 
Where  the  dependence  of  the  deflection  upon  quality  is  small,  only  a  few 
calibration  qualities  are  necessary,  it  then  being  permissible  to  interpolate 
for  intermediate  qualities.  Experience  has  shown  that  it  is  seldom  safe 
to  extrapolate  such  a  calibration. 

Several  other  sources  of  error  must  be  guarded  against  (7,  43,  57); 
for  example,  there  may  be  some  uncertainty  as  to  the  effective  center  of  a 
thimble  chamber  when  placing  it  in  a  test  beam.     To  avoid  undue  errors 
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(1  to  2  per  cent)  from  this  source  a  thimble  chamber  should  not  be  cali- 
brated nearer  than  50  cm.  from  the  tube  target  and  preferably  as  much  as 
100  cm.  It  must  likewise  be  assured  by  test  that  the  X-ray  beam  is  of 
uniform  intensity  over  an  area  of  diameter  somewhat  larger  than  the 
length  of  the  thimble  chamber. 

When  it  is  desired  to  read  the  thimble  chamber  and  standard  chamber 
ionization  simultaneously,  the  two  may  be  set  at  different  distances  from 
the  tube  and  in  such  an  alignment  as  not  to  interfere  with  each  other. 
In  such  case,  the  validity  of  the  inverse  square  law  must  be  separately 
tested  for  each  chamber,  in  addition  to  insuring  that  the  test  beam  is 
uniform  at  position  of  each.  The  replacement  method  is  usually 
preferable. 


Fig.  18. — Condenser,  thimble  ionization  chambers  full  size.      (Sievert.) 


Correction  must  likewise  be  made  for  the  air  density  in  the  thimble 
chamber  at  the  time  of  calibration.  This  correction  is  obtained  from 
the  atmospheric  temperature  and  pressure  in  the  same  manner  as  for  the 
standard  chamber. 

Types  of  Thimble-chamber  Roentgenometer s.—Thimhle-chaniher  roent- 
genometers  may  be  divided  into  three  groups,  (a)  electroscope  type,  (6) 
condenser  type,  and  (c)  vacuum-tube  type.  Instruments  of  any  type, 
ordinarily  read  the  total  number  of  roentgens  per  given  deflection  or 
indication,  and  by  noting  the  time  of  deflection  the  X-ray  intensity  is 
given  in  roentgens  per  minute.  In  the  first  two  types  the  voltage  sensi- 
tivity of  the  electrometer  may  vary  over  different  parts  of  the  scale; 
hence,  for  example,  the  number  of  roentgens  may  be  different  for  the 
first  and  last  half  of  the  scale.  Since  this  does  not  change  with  quality, 
a  single  correction  curve  may  be  determined  by  noting  the  time  rate  of 
change  of  the  indicator  between  successive  scale  positions.     Most  Ameri- 
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can-made  instruments  of  this  type  require  little  or  no  scale  correction, 
although  this  should  be  assured  by  test  for  each  instrument. 

The  condenser  type  (19,  37,  38)  of  thimble  chamber  has  definite  fields 
of  application  in  that  the  thimble  chamber  can  be  disconnected  from  the 
electrometer  while  being  exposed  to  X-rays.  To  use,  the  chamber  is 
attached  to  the  electroscope  and  charged  in  the  usual  manner  as  indicated 
on  the  scale;  it  is  then  removed  from  the  electroscope,  the  exposed  lead 
covered  with  a  metal  cap  for  shielding,  and  exposed  to  X-rays,  thereby 
discharging  it;  finally,  it  is  replaced  on  the  electroscope  which  now  indi- 
cates its  loss  of  charge  and  hence  the  strength  of  the  X-ray  beam. 
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Fig.  19. — Condenser  roentgenometer.      (Glasser-Seitz.) 

These  chambers  have  also  been  made  of  the  shape  and  size  of  radium 
needles  (Fig.  18)  thus  permitting  their  direct  insertion  into  tissue  for  the 
measurement  of  radium  and  X-ray  depth  dosage. 

Figure  19  shows  a  condenser  type  of  roentgenometer  extensively  used 
in  this  country.  The  ionization  chamber  and  short  section  of  the  con- 
necting lead,  as  a  single  unit,  are  inserted  into  the  tube  connected  to  the 
electroscope.  The  entire  insulated  system  is  then  charged  by  means  of 
the  small  bakelite  electrostatic  charging  disk  which  is  connected  to  the 
insulated  system  by  the  switch,  S,  during  the  charging  operation.  The 
potential  of  the  system  is  indicated  by  the  deflection  of  the  conducting 
quartz  fiber,  illuminated  by  a  3-volt  lamp,  and  viewed  with  a  low-power 
microscope  having  a  suitable  ocular  scale.  When  fully  charged,  the 
chamber  is  removed  and  placed  in  the  X-ray  beam,  after  which  it  is 
again  inserted  into  the  fully  charged  electroscope.     The  loss  of  charge 
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is  then  indicated  by  the  decrease  in  the  deflection  of  the  fiber.  The 
scale  is  calibrated  directly  in  roentgens.  The  constancy  of  the  electrical 
calibration  of  the  instrument  is  readily  checked  by  inserting  the  ioniza- 
tion chamber  completely  discharged  into  the  fully  charged  electroscope 
and  noting  the  deflection  after  the  charge  has  been  divided  between  the 
two  parts  of  the  system. 


Condenser  for  regu/crHon 
of  sensifiv/fy-^ 


Tonlzah'on 


Fig.  20. — Integrating  vacuum-tube  roentgenometer.      (Mutscheller.) 

Thimble  chambers  having  vacuum  indicators  are  usually  of  the  "relay 
type,"  that  is,  a  certain  small  quantity  of  radiation  causes  a  relay  to 
operate  and  move  an  indicator  one  step,  these  steps  being  successively 
added  up  to  give  the  total  indication  on  a  dial  (31,  40).  Such  instru- 
ments require  no  scale  correction  and  are  frequently  referred  to  as  inte- 
grating meters. 

Figure  20  shows  one  form  of  such  instrument  manufactured  in  this 
country.  Several  other  similar  types  are  made  abroad  (21).  The 
ionization  current  flowing  through  the  chamber  is  caused  to  accumulate 
upon  one  electrode  of  a  grid-glow  tube  until  a  definite  potential  is  devel- 
oped upon  which  an  ionization  discharge  takes  place  in  the  tube.  This 
discharge  initiates  the  flow  of  a  separate  current  through,  the  tube  which 
in  turn  operates  the   relay  and  a  counting  or  recording  mechanism. 
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Thus  every  time  a  certain  definite  quantity  of  radiation  has  fallen  on  the 
ionization  chamber,  the  glow  tube  functions,  and  the  counting  mechanism 
indicates  directly  the  number  of  roentgens.  The  constancy  of  the  elec- 
trical calibration  is  tested  by  connecting  into  the  system  a  constant  cur- 
rent which  is  produced  by  a  small  uranium  oxide  ionization  chamber. 
The  circuit  is  then  adjusted  by  means  of  a  variable  condenser  to  produce 
a  redetermined  time  rate  of  indication. 

Measurement  of  X-ray  Output. — In  the  measurement  of  the  output  of 
an  X-ray  tube  at  a  given  point  with  a  thimble  chamber  there  are  few 
precautions  which  are  not  self-evident  from  the  preceding  discussion. 
Scattering  from  nearby  objects  should  be  avoided,  for  example,  by  keeping 
the  thimble  chamber  always  at  least  15  cm.  from  any  filters.  There  has 
been  some  question  in  biological  practice  whether  or  not  to  include  in 
the  measurement  the  back  scattering  from  the  irradiated  object. 
Although  a  knowledge  of  back  scattering  is  of  interest,  its  exact  measure- 
ment is  very  difficult  in  that  it  depends,  among  other  factors,  upon:  (a) 
size  of  field,  (6)  size  and  shape  of  irradiated  object,  (c)  size  and  shape  of 
thimble  chamber,  (d)  material  of  thimble  chamber,  and  (e)  depth  to 
which  the  chamber  is  immersed  in  the  surface  of  the  irradiated  material. 
To  avoid  the  complication  of  these  factors,  the  preferred  method  of 
X-ray  dosage  measurement  is  to  use  the  thimble  chamber  placed  at  the 
position  of  the  surface  of  the  irradiated  object  but  surrounded  by  at  least 
15  cm.  of  air.  This  gives  the  intensity  of  the  X-ray  beam  in  roentgens 
per  minute  without  modification  by  scattering. 

In  view  of  the  foregoing  discussions  it  may  be  convenient  to  summarize 
the  factors  which  it  is  necessary  to  state  in  describing  a  biological  applica- 
tion of  X-radiation.     Such  factors  include  at  least  the  following:    a. 

Table  7. — Comparative  X-ray  Outputs  for  Different  Types  of  Generator 
Factors:  (a)  Pyrex  tube  about  5  mm.  thick;  (6)  50-cm.  target  to  ionization  chamber; 

(c)  filter  0.557  mm.  Cu  +  1.0  mm.  Al 


I\ilovolts 

Output  (roentgen)  per  m 

illiampere  of  tub 

e  current 

(peak) 

Const,  pd. 

Full  wave* 

Villardf 

WitkaJ 

120 

1.45 

0.8 

0.79 

140 

2.30 

1.2 

1.39 

160 

3.30 

1.8 

2.00 

1.61 

180 

4.45 

2.3 

2.70 

2.08 

200 

5.65 

2.9 

3.42 

2.50 

*  About  the  same  for  half-wave  and  mechanical  rectifiers, 
t  Voltage  doubling  (Fig.  1,  C). 
t  Voltage  tripling  (Fig.  1,  D). 

Note:  Outputs  are  about  9  per  cent  greater  for  thin  glass  tubes.      Ratios  between  outputs  are  nearly 
the  same  as  given,  for  filtrations  up  to  2.0  mm.  Cu. 
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voltage  (constant-potential  equivalent) ;  b.  filter  (including  tube  wall) ; 
c.  target-skin  distance;  d.  area,  diameter,  and  number  of  fields;  e.  roent- 
gens per  minute  in  air  at  position  of  field;  /.  total  number  of  roentgens 
delivered;  g.  duration  of  exposure;  h.  interval  between  exposures;  i.  size, 
shape,  and  position  of  irradiated  volume. 

Comparison  of  X-ray  Generators. — For  general  guidance,  Table  7 
gives  approximate  outputs  of  several  standard  X-ray  machines  illus- 
trated diagrammatically  in  Fig.  1,  as  measured  at  50  cm.  from  the  tube 
target  (20,  32,  49,  50,  52).  With  the  exception  of  constant-potential 
excitation,  large  variations  may  occur  between  different  generators  of  any 
one  group  and  the  mean  values  given  in  the  table  and  subject  to  variations 
which  may  become  as  large  as  ±  10  per  cent. 

MEASUREMENT  OF  VERY  LOW-  AND  VERY  HIGH-VOLTAGE  X-RAYS 

GRENZ    RAYS    (3    TO    15    KV.) 

It  has  been  adequately  demonstrated  that  the  general  principles 
involved  in  the  measurement  of  70-  to  200-kv.  X-rays  may,  with  certain 
precautions,  be  extended  to  the  accurate  measurement  of  3-  to  15-kv. 
X-rays.  The  principal  correction  to  be  applied  in  the  use  of  a  standard 
for  10-kv.  radiation  is  that  for  absorption  of  the  radiation  between  dia- 
phragm and  collector.  This  may  amount  to  40  to  140  per  cent  in  using 
10-  to  6-kv.  (peak)  unfiltered  radiation.  Figure  16,  B  shows  one  form 
of  such  chamber  (48)  which  by  the  use  of  the  guarded  field  reduces  the 
diaphragm-to-collector  distance  to  a  minimum  (about  5  cm.)  while  still 
fulfilling  the  requirements  of  a  free-air  chamber.  This  particular  form  of 
chamber  is  adequate  for  radiations  up  to  90  kv.  and  by  thus  overlapping 
the  range  of  the  larger  chamber,  permits  a  direct  comparison  between  the 
two,  using  radiations  of  such  high  voltage  (90  kv.)  as  to  require  very  small 
air-absorption  corrections  (but  less  than  2  per  cent). 

Secondary  chambers  of  the  thimble  type  have  been  adapted  to  the 
measurement  of  3-  to  15-kv.  X-rays,  although  their  accuracy  is  question- 
able in  many  cases  (18,  21,  26).  Wall  effects  become  relatively  large  and 
even  the  thinnest  of  wall  materials  absorbs  a  large  percentage  of  the 
radiation,  thus  preventing  its  contribution  to  the  ionization  within 
the  chamber.  These  two  difficulties  make  it  necessary  to  calibrate  the 
secondary  chamber  for  the  exact  radiation  for  which  it  will  be  used,  and 
it  has  been  shown  that  it  is  unsafe  to  interpolate  between  the  radiation 
qualities  used  in  the  calibration.  The  accurate  use  of  such  thimble 
chambers  is  so  beset  with  uncertainties  that  it  is  usually  more  satisfactory 
to  use  a  small  open-air  standard  for  biological  X-ray  measurements  at 
such  low  voltages  (48). 

Ultra-high-voltage  X-rays. — At  the  time  of  writing,  it  may  be  said  that 
the  measurement  of  X-rays  excited  by  potentials  above  250  kv.  (peak) 
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is  not  yet  in  a  very  satisfactory  state,  and  it  is  still  an  open  question 
whether  or  not  the  range  of  the  large  open-air  standard  can  be  extended 
sufficiently  to  measure  such  radiations.  The  particular  difficulty  is  intro- 
duced by  the  increased  relative  importance  of  scattered  radiation  at  the 
higher  voltage. 

The  international  definition  of  the  roentgen  (Paris,  1931)  does  not 
mention  scattered  radiation  except  that  from  the  "wall  effect,"  and  it  is 
only  by  fortunate  circumstances  that  this  omission  has  not  caused 
difficulty  in  that  below  150  kv.  (r.m.s.)  its  effect  is  almost  neghgible. 

One  of  the  most  important  uses  of  the  roentgen  at  higher  voltages,  is 
to  permit  a  proper  evaluation  of  X-ray  dosage  in  comparison  with  that  at 
ordinary  voltages.  It  is,  therefore,  necessary  that  over  the  whole 
voltage  range  the  roentgen  be  the  measure  of  a  quantity  which  can  be 
translated  into  actual  energy  absorbed  by  tissue.  Since  the  roentgen  is 
proportional  to  the  energy  absorbed  from  the  beam  by  air,  it  is  necessary 
to  restrict  conditions  so  that  the  absorption  will  be  known.  At  tube 
voltages  below  150  kv.  (r.m.s.)  the  absorption  is  largely  photoelectric, 
whereas  at  the  higher  voltages,  absorption  is  due  principally  to  the  energy 
removed  from  the  beam  by  the  recoil  electrons  in  the  Compton  scattering 
process  (27)  (28). 

The  question  then  arises  as  to  whether  the  definition  should  or  should 
not  include  the  effect  of  scattered  radiation  (56).  If  it  should,  we  are 
confronted  with  the  problem  of  how  to  devise  an  apparatus  which  will 
definitely  include  all  of  it.  Technical  difficulties  at  the  higher  voltages — 
above  150  kv.  (r.m.s.) — seem  at  present  to  render  this  impossible. 
Should  we  then  include  only  a  definite  fraction  of  the  scattered  radiation 
in  the  measurement,  and  if  so,  what  shall  that  fraction  be,  and  how  shall 
we  define  and  determine  it?  As  this  does  not  appear  feasible  with  our 
present  knowledge,  the  only  alternative  in  making  measurements  is  to 
avoid,  as  far  as  possible,  all  effective  secondary  radiation,  and  to  reword 
the  definition  so  as  to  embody  the  necessary  conditions. 

The  revised  definition  given  above  appears  capable  of  realization  at 
high  voltages  without  going  to  excessively  large  ionization  chambers. 
Photographs  made  in  a  Wilson  cloud  expansion  chamber  30  cm.  in 
diameter  show  that  for  a  narrow  700-kv.  X-ray  beam  practically  all  of  the 
ion  paths  are  confined  within  10  cm.  of  the  beam,  and  the  bulk  of  them 
within  the  geometrical  beam.  Furthermore,  it  is  seen  that  practically 
no  ion  tracks  originate  in  the  space  outside  the  geometrical  beam.  This 
shows  clearly  that  (a)  the  effect  of  radiation  scattered  from  the  chamber 
walls  is  negligible,  and  (6)  there  is  no  appreciable  ionization  due  to 
photo-  or  recoil  electrons,  produced  by  secondary  (degraded)  radiation 
scattered  out  of  the  main  beam.  The  presence  of  tracks  originating 
outside  the  beam  indicates  the  entrance  of  a  scattered  quantum  into  that 
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region  with  the  subsequent  collision  with  an  air  atom  and  the  production 
of  measurable  ions. 

The  revised  definition  can  probably  be  realized  by  the  use  of  (a) 
suitable  diaphragms  to  stop  secondary  X-rays  and  secondary  electrons 
from  the  filters  and  diaphragm  edges  from  reaching  the  measuring 
volume,  (6)  a  narrow  and  well-defined  X-ray  beam,  and  (c)  materials  of 
low  atomic  number  for  the  walls  and  electrodes  of  the  chamber.  If  the 
diameter  of  the  beam  is  sufficiently  small  in  comparison  with  the  distance 
in  which  the  beam  loses,  say,  half  its  energy,  then  the  fraction  of  the 
degraded  radiation  which  is  absorbed  in  the  measuring  volume  directly, 
or  scattered  back  from  the  surroundings,  may  be  neglected.  Since  the 
energy  absorbed  from  the  beam  is  transferred  largely  to  recoil  electrons 
and  thence  to  ions,  it  may  be  determined  directly  from  the  measured  ion 
current,  which  gives  the  number  of  ion  pairs.  It  is  ob^dous  that  the 
inclusion  of  an  appreciable  amount  of  scattered  radiation  would  render 
such  a  determination  very  uncertain  at  best. 

There  is  no  definite  mformation  at  present  to  indicate  that  a  suitable 
thimble  chamber  can  be  constructed  to  measure  accurately  X-rays  above 
250  kv.,  although  certain  work  indicates  that  gamma  radiation  can  only 
be  measured  in  roentgens  with  a  thimble  chamber.  There  is  also  some 
evidence  that  ultra-high-voltage  radiations  may  be  measured  with  the 
drumhead  type  of  chamber.  These  questions  are  still  too  controversial 
to  warrant  a  discussion  here. 

RADIUM  MEASUREMENT 

The  measurement  of  gamma  rays  from  radium  has  been  largely 
of  a  comparative  and  not  absolute  nature.  Since  radium  dosage  has  been 
expressed  in  terms  of  geometrical  factors  and  the  amount  of  Ra  element 
employed,  it  has  been  impossible  to  correlate  dosages  and  biological  effects 
of  gamma  rays  as  compared  with  X-rays.  In  many  biological  experi- 
ments this  has  naturally  retarded  the  proper  choice  as  to  which  radiation 
should  be  used. 

The  difficulties  in  the  measurement  of  gamma  rays  in  roentgens  are 
somewhat  analogous  to  those  for  ultra-high  voltages,  only  accentuated 
(13,  27,  29,  30).  For  gamma  rays,  the  avoidance  of  scattering  becomes 
exceedingly  difficult  and  moreover  there  is  no  certainty  as  to  hoAv  much, 
if  any,  of  the  secondary  scattering  effects  should  be  included  in  the 
measurement.  It  is  not  easy  to  segregate  a  narrow  well-defined  beam 
of  gamma  rays  without  any  scattered  radiation  whatever,  for  passage 
through  an  ionization  chamber.  Use  of  a  broad  beam  again  introduces 
uncertainties  due  to  scattering,  and  would  require  an  excessively  large 
chamber  for  its  measurement. 
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As  already  noted,  it  seems  possible  that  gamma  rays  may  be  measured 
in  roentgens  with  some  form  of  thimble  chamber.  While  many  such 
chambers  have  been  devised,  there  is  not  yet  uniformity  of  opinion 
regarding  their  use.  A  number  of  observers  using  thimble  chambers 
(16,  30)  have  experimentally  determined  the  number  of  roentgens  per 
milligram-hour  at  1  cm.  from  a  point  source  of  radium  filtered  with 
0.5  mm.  Pt,  finding  a  mean  value  of  8.6  roentgens. 

Primary  standardization  of  radium  element  is  carried  out  almost 
exclusively  by  the  national  laboratories  of  several  countries,  each  of  which 
possesses  radium  standards  that  have  been  compared  with  the  standard 
retained  by  the  International  Bureau  of  Weights  and  Measures  at 
Sevres,  France.  The  unknown  samples  are  directly  compared  with  the 
standards  by  a  replacement  method,  the  ionization  being  measured  with  a 
heavily  lead-shielded  electrometer  which  serves  also  as  the  ionization 
chamber. 

Since,  as  noted,  the  present-day  expression  of  gamma-ray  dosage  is 
largely  empirical,  each  measurement  is  so  intimately  related  to  its 
biological  application  that  matters  of  filtration  and  intensity  distribution 
will  be  discussed  in  connection  with  the  biological  application  of  radiation. 
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IONIZATION  AND  ITS  BEARING  ON  THE  BIOLOGICAL  EFFECTS 

OF  RADIATION 

G.  Failla 

Memorial  Hospital,  New  Yo7'k 

Fundamental  character  of  ionization.  Distribution  of  ions  in  an  ionized  medium. 
Interaction  of  radiation  and  matter.  Influence  of  the  quality  of  radiation  on  the  distribu- 
tion of  ions  in  living  matter.  Intensity  of  radiation  and  inverse  square  law.  Influence 
of  juatter  on  the  intensity  of  radiation.  Secondary  phenomena.  Filtration.  Essen- 
tial factors  for  the  correlation  of  ionization  and  biological  effects.  Effective  intensity  of 
radiation.  Significance  of  ionization  measurements.  Knowledge  of  ionization  pro- 
duced in  irradiated  organism  all  important.     Effective  quantity  of  radiation.     References. 

The  law  of  conservation  of  energy  tells  us  that  if  a  change  has  been 
brought  about  in  a  system  by  external  means,  then  some  energy  must 
have  been  supplied  to  the  system  from  the  exterior.  Thus,  if  a  living 
cell  is  altered  in  any  way  by  exposure  to  radiation,  it  must  have  received 
some  energy  which  at  least  initiated  the  change.  In  this  sense  the  cell 
may  be  compared  to  a  radio  receiver  and  the  source  of  radiation  to  a 
broadcasting  station.  Under  certain  conditions  the  radio  "picks  up" 
a  signal  which  initiates  a  series  of  changes  in  the  receiver,  and  the  listener 
hears  it.  The  energy  required  to  produce  the  audible  signal  is  very  much 
greater  than  that  in  the  incoming  wave  which  actuated  the  detector,  and 
this  energy  is  supplied  by  the  local  source  at  the  receiver.  But  energy, 
however  small  in  amount,  must  be  supplied  to  the  detector  in  order  to 
initiate  the  change.  Furthermore,  the  energy  must  be  delivered  in  a 
certain  form — in  this  case  electromagnetic  waves  of  a  certain  frequency 
range.  Similarly,  the  living  cell  exposed  to  radiation  receives  a  small 
amount  of  energy  which  initiates  certain  changes  requiring  much  more 
energy  to  bring  to  completion,  this  energy  being  supplied  by  chemical 
changes  in  the  cells.  The  initial  actuating  energy  must  also  be  in  a 
certain  form — visible  light,  X-rays,  etc.  Energy  can  be  transferred  to  the 
cell  by  the  radiation  only  through  the  interaction  of  matter  and  radiation. 
Hence  the  understanding  of  this  interaction  is  essential  to  the  proper 
interpretation  of  the  biological  effects  of  radiation. 

FUNDAMENTAL  CHARACTER  OF  IONIZATION 

The  conditions  necessary  and  sufficient  for  the  production  of  ions  by 
radiation  in  a  given  material  have  been  set  forth  by  K.  K.  Darrow. 
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Paper  I.  In  the  case  of  X-rays  and  gamma  rays,  with  which  we  are 
chiefly  concerned  here,  these  conditions  are  always  fulfilled.  The  inter- 
action of  matter  and  radiation  in  this  case  is  an  atomic  phenomenon 
whereby  the  radiation  transmits  some  of  its  energy  to  an  electron  in  the 
atom  and  causes  it  to  leave  the  atom  with  a  high  velocity  and  therefore  a 
certain  amount  of  kinetic  energy.  This  high-speed  electron,  then,  spends 
most  of  its  energy  in  removmg  electrons  from  those  atoms  in  its  path 
which  tend  to  impede  its  motion.  The  wandering  electrons  thus  created 
attach  themselves  to  other  atoms,  forming  negative  ions,  whereas  the 
atoms  which  have  lost  electrons  remain  positively  charged  and  form  the 
positive  ions.  In  a  gas  where  the  atoms  are  not  closely  packed,  the  ions 
are  relatively  far  apart ;  on  the  other  hand,  they  can  move  with  consider- 
able freedom.  Through  thermal  agitation  and  the  force  of  attraction 
between  positive  and  negative  charges,  ions  of  different  polarity  soon 
come  together,  an  interchange  of  electrons  takes  place,  and  neutral  atoms 
result.  This  process  is  called  recombination.  Ionization  and  recombina- 
tion take  place  constantly  in  matter  through  which  radiation  is  passing, 
and  at  any  one  time  but  a  very  small  fraction  of  the  total  number  of 
atoms  present  is  in  the  ionized  state.  Recombination  in  a  gas  may  be 
reduced  greatly,  or  actually  prevented  under  certain  conditions,  by  the 
application  of  an  electric  field,  which  makes  the  ions  of  different  polarity 
move  in  opposite  directions.  In  a  liquid  or  solid  the  atoms  are  closely 
packed,  ions  are  nearer  to  one  another,  and  motion  is  more  difficult. 
Recombination  takes  place  also,  and,  in  fact,  it  is  much  more  difficult  to 
prevent  it  by  the  application  of  even  a  strong  electric  field.  That  thermal 
agitation  plays  an  important  part  in  the  recombination  of  ions  may  be 
demonstrated  very  vividly  by  the  following  experiment :  A  phosphorescent 
material  exposed  to  cathode  rays  (high-speed  electrons)  glows  brilliantly 
at  room  temperature.  If  it  is  then  immersed  in  liquid  air,  the  phos- 
phorence  stops,  but  it  reappears  after  removing  the  material  from  the 
liquid  air,  when  it  assumes  a  higher  temperature.  (It  will  be  recalled 
from  Darrow's  discussion — Paper  I —  that  emission  of  light  in  a  phos- 
phorescent material  involves  a  rearrangement  of  electrons  in  the  atoms.) 
We  have  seen  how  radiation  transfers  some  of  its  energy  to  matter 
and  how  this  energy  is  used  up  in  the  formation  of  ions.  So  far  as  ive 
know  at  present  this  is  the  only  way  in  which  matter  abstracts  energy 
from  ionizing  radiations.  Therefore  all  other  effects  are  subsequent  to 
ionization  and  must  be  closely  related  thereto.  Since  thermal  agitation 
plays  an  important  part  in  the  recombination  of  ions,  it  follows  that  a 
good  many  ions  of  opposite  polarity  are  brought  together  primarily  by 
atomic  or  molecular  collisions.  The  force  of  attraction  between  positive 
and  negative  ions  is  not  sufficiently  large  to  bring  them  together  unless 
the  distance  is  very  short  and  there  are  no  obstacles  (other  molecules)  in 
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the  way.  Furthermore,  when  a  positive  ion  is  formed,  the  electron  which 
leaves  the  atom  or  molecule  attaches  itself  to  any  atom  or  molecule  which 
happens  to  be  in  its  path.  There  is  some  evidence  also  that  ions  are  apt 
to  form  clusters  with  neutral  atoms  or  molecules.  The  final  result  of 
all  these  chance  encounters  is  that  some  atoms  or  molecules  are  brought 
together  under  conditions  which  favor  a  regrouping  of  the  atoms,  and 
consequently  chemical  changes  take  place.  A  great  many  chemical 
changes  produced  by  ionizing  radiations  have  been  observed  (2).  The 
change  may  be  a  breaking  up  of  complex  molecules  into  simpler  ones,  or 
vice  versa,  depending  on  the  conditions  of  the  experiment.  But,  in 
general,  the  tendency  is  to  transform  complex  molecules  into  simpler 
compounds  or  elements.  Thus  volatile  hydrocarbons  and  carbon 
dioxide  are  liberated  from  paraffin  under  the  action  of  very  intense  radia- 
tion. Water  is  decomposed  into  hydrogen  and  oxygen,  but  at  the  same 
time  some  hydrogen  peroxide  is  formed.  Organic  compounds  with 
complex  molecules  are  affected  more  readily. 

It  should  be  emphasized  at  this  point  that  the  chemical  changes 
brought  about  by  ionizing  radiations  are  always  very  slight  when  the 
commonly  available  sources  are  employed.  It  has  already  been  men- 
tioned that  only  a  small  proportion  of  the  atoms  in  an  irradiated  material 
are  ionized.  Of  the  ions  thus  formed,  only  some  make  subsequent 
encounters  which  fulfil  the  conditions  conducive  to  chemical  changes. 
On  the  other  hand,  with  powerful  beams  of  three-million-volt  cathode 
rays,^  very  marked  alterations  have  been  produced  in  substances  which 
are  influenced  only  slightly  by  even  long  exposure  to  ordinary  sources 
of  radiation. 

The  biological  action  of  radiation  may  be  accounted  for  by  the 
chemical  effects  which  radiation  produces.  The  sequence  of  events  may 
be  assumed  to  be :  (a)  ionization,  (6)  chemical  changes,  and  (c)  biological 
changes.  There  may  then  be  further  chemical  changes  as  a  consequence 
of  the  first  biological  changes,  and  so  forth.  This  view  of  the  process 
accounts,  at  least  to  some  extent,  for  the  delay  (latent  period)  in  the 
appearance  of  the  effects  of  radiation  on  living  organisms.  The  fore- 
going "picture"  of  the  biological  action  of  radiation  is  very  rudimentary, 
and  it  is  no  more  than  a  statement  of  certain  steps  in  the  process  which 
we  either  know  or  surmise.  It  does  not  provide  the  modus  operandi 
necessary  for  the  proper  interpretation  and  correlation  of  the  known 
biological  effects  of  ionizing  radiations. 

Whatever  the  mechanism  of  the  biological  action  of  radiation  may  be, 
we  know  definitely  that  ions  are  produced  in  the  material  and  that  the 

1  The  cathode-ray  effects  referred  to  in  this  sentence  are  due  in  part  to  the  heat 
liberated  when  the  electrons  are  stopped.  (Personal  communication  from  A.  Brasch 
and  Fritz  Lange.) 
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presence  of  these  ions  is  apt  to  produce  chemical  changes  or  electrical 
disturbances  which  must  affect  biological  processes.  Therefore,  a  knowl- 
edge of  the  ionization  in  the  living  organism  which  one  is  irradiating,  is 
the  sine  qua  non  of  any  quantitative  experimental  study.  Accordingly, 
it  is  desirable  to  examine  this  question  in  detail. 

It  has  already  been  mentioned  that  the  secondary  beta  particle  '(fast 
moving  electron)  which  is  set  in  motion  by  the  photon,  removes  electrons 
from  some  of  the  atoms  in  its  path.  The  beta  particle  is  deflected  some- 
what at  each  encounter  and  follows  a  zigzag  course.  In  an  organic 
medium  it  is  apt  to  encounter  the  different  complex  molecules  in  any 
orientation  and  therefore  may  remove  an  electron  from  any  one  of  the 
component  atoms — hydrogen,  oxygen,  nitrogen,  etc.  Similarly,  the 
electron  which  has  thus  been  removed  from  one  atom,  in  attaching  itself 
to  a  molecule  may  adhere  to  any  one  of  the  component  atoms.  On  this 
basis  there  would  be  in  the  material  molecules  with  unbalanced  positive 
or  negative  charges  at  different  points  in  their  configurations.  The 
resultant  chemical  changes  would  then  depend,  to  some  extent  at  least, 
on  the  orientation  of  the  two  molecules  at  the  time  they  collided.  Accord- 
ingly, recombination  of  ions,  which,  in  effect,  means  neutralization  of 
charges,  need  not  always  result  in  a  rearrangement  of  the  atoms  in  the 
molecules  involved.  When  readjustments  do  occur,  the  resultant 
molecules  need  not  necessarily  be  the  same,  and  therefore  more  than  one 
chemical  change  is  apt  to  take  place.  According  to  this  view,  only  part 
of  the  total  ionization  produced  in  the  material  would  be  chemically, 
and  ultimately  biologically,  effective,  first,  because  not  all  the  ion  recom- 
binations would  result  in  chemical  changes,  and  further  because  not  all 
the  possible  chemical  readjustments  would  necessarily  influence  life 
processes. 

DISTRIBUTION  OF  IONS  IN  AN  IONIZED  MEDIUM 

It  is  obvious  that  the  time  rate  of  recombination  of  ions  depends  on 
their  space  concentration.  The  more  ions  of  opposite  polarities  there  are 
in  a  given  space  under  given  conditions,  the  more  rapidly  positives  and 
negatives  will  come  together.  Since  ions  are  produced  in  pairs  by  radia- 
tion, the  concentration  of  positives  and  negatives  is  the  same,  and  the 
rate  of  recombination  is  proportional  to  the  square  of  the  number  of 
ion  pairs  present  at  any  time.  Other  conditions  being  equal,  the  number 
of  ion  pairs  per  cubic  centimeter  produced  per  second  is  proportional  to 
the  intensity  of  the  radiation.  Therefore,  recombination  should  take 
place  more  rapidly  the  higher  the  intensity  of  the  radiation.  This  would 
certainly  be  true  if  the  ions  were  distributed  perfectly  uniformly  through- 
out the  material.  In  a  homogeneous  medium  which  is  uniformly  irradi- 
ated the  ions  may  be  considered  to  be  uniformly  distributed,  but  only  in 
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the  macroscopic  sense  of  the  same  number  per  unit  volume.  If  the  ion 
distribution  could  be  viewed  with  a  microscope,  it  would  be  found 
that  the  ions  are  really  concentrated  along  certain  tortuous  lines  which 
mark  the  paths  of  the  secondary  beta  particles.  Accordingly,  there  are 
islets  in  the  material  in  which  at  any  one  time  no  ions  are  produced. 
However,  since  the  point  at  which  a  secondary  beta  particle  is  liberated  is 
merely  a  matter  of  chance,  the  probabihty  of  ionization  of  every  molecule 
in  a  homogeneous  medium  is  the  same.  Therefore,  all  the  molecules  may 
be  ionized  at  one  time  or  another  in  the  course  of  an  indefinitely  long 
exposure,  or  during  a  finite  exposure  to  an  extremely  high  radiation 
intensity. 

In  addition  to  the  special  concentration  of  the  ions  along  certain  lines 
in  the  material,  we  must  consider  also  the  distribution  along  these  lines. 
It  is  well  known  that  the  number  of  ions  produced  per  centimeter  of  path 
of  particles  traveling  at  high  speed  depends  on  the  speed  of  the  particles. 
In  fact,  it  has  been  determined  experimentally  that  the  greatest  concen- 
tration of  ions  occurs  near  the  end  of  the  path,  when  the  speed  of  the 
particle  is  relatively  low.  It  follows  from  the  foregoing  considerations 
that  the  ions  in  a  homogeneous  medium,  uniformly  irradiated,  are  con- 
centrated largely  within  very  small  regions  interspersed  throughout  the 
material. 

Living  tissue,  considered  on  the  submicroscopic  scale,  with  which  we 
are  dealing,  is  not  homogeneous.  Its  atomic  components  are  largely 
hydrogen,  oxygen,  nitrogen,  and  carbon,  but  there  are  also  present  in 
small  or  minute  quantities  elements  of  higher  atomic  numbers,  such  as 
iron  or  calcium.  The  transformation  of  electromagnetic  radiation 
(photons,  cf.  K.  K.  Darrow,  Paper  I)  into  high-speed  electrons  by  which 
ionization  is  produced,  depends  very  largely  on  the  atomic  number  of  the 
element  in  the  path  of  the  radiation.  The  higher  the  atomic  number, 
the  larger  by  far  the  amount  of  energy  abstracted  from  the  radiation  and 
the  larger  the  resultant  ionization.  It  follows,  therefore,  that  in  a  living 
tissue,  the  ionization  will  be  most  intense  in  the  neighborhood  of  the 
molecules  containing  elements  of  higher  atomic  numbers.  This  results 
in  further  localization  of  the  ionization. 

Recombination,  which  is  influenced  markedly  by  the  number  of  ion 
pairs  per  unit  volume,  is  much  more  rapid  than  it  would  be  if  all  the  ions 
were  evenly  distributed  throughout  the  material.  When  the  intensity 
of  radiation  is  increased,  the  total  number  of  ions  produced  per  second  in 
a  given  material  is  increased  in  the  same  proportion.  This  increase  is 
brought  about  by  a  proportional  augmentation  of  the  number  of  the  beta- 
particle  tracks,  which  we  may  call  the  ionization  loci.  The  distribution  of 
ions  at  each  locus  remains  the  same  as  before,  unless  perchance  two  of  the 
loci  coincide  wholly  or  in  part.     In  liquids  or  solids,  where  the  mean  free 
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path  of  the  molecules  is  very  short,  thermal  agitation  does  not  disturb 
appreciably  the  localized  character  of  the  ionization  and  therefore  the 
rate  of  recombination  of  the  ions  must  depend  almost  entirely  on  the 
linear  distribution  of  the  ions  in  the  loci  and  not  appreciably  on  the  num- 
ber of  loci  present  in  a  given  volume.  Accordingly,  the  rate  of  recom- 
bination should  be  sensibly  independent  of  the  intensity  of  radiation 
within  rather  wide  limits.^ 

It  is  possible  that  the  rate  of  recombination  of  ions  influences  the 
chemical,  and  hence  the  biological,  effectiveness  of  a  given  ionization. 
Conceivably  the  more  rapidly  recombination  takes  place,  the  larger  will 
be  the  proportion  of  the  total  number  of  ions  produced  per  unit  time, 
which  would  return  to  the  initial  electrically  neutral  state  without  under- 
going a  rearrangement  of  the  atoms  in  the  molecule.  The  settlement  of 
this  question  must  be  left  to  future  experimentation.  At  first  one  might 
think  that  the  established  validity  of  the  Bunsen-Roscoe  law  (biologically 
stated,  equal  effects  are  produced  by  equal  doses  in  which  intensity  X  time 
of  irradiation  =  constant,  within  limits  of  time  and  intensity)  in  certain 
chemical  reactions,  brought  about  by  radiation,  precluded  any  appreciable 
influence  of  the  rate  of  ion  recombination  on  the  chemical  action  of 
radiation.  However,  as  already  pointed  out,  the  rate  of  recombination  of 
ions  produced  in  a  liquid  or  solid  must  be  governed  largely  by  the  linear 
distribution  of  the  ions  in  the  ionization  loci,  and  not  appreciably  by  the 
number  of  loci  per  unit  volume  (which  is  the  factor  that  depends  on  the 
intensity  of  radiation).  It  might  be  well  to  remember  also  that 
the  validity  of  the  Bunsen-Roscoe  law  in  the  X-ray  region  has  been 
established  only  for  a  few  chemical  reactions  within  rather  narrow  limits 
of  radiation  intensity  (3).  Exceptions  have  also  been  noted  (5).  From 
the  foregoing  viewpoint,  one  would  not  expect  a  breakdown  of  the 
Bunsen-Roscoe  law  until  the  intensity  of  radiation  became  so  high  that 
the  ion  density  throughout  the  material  approached  that  obtaining 
in  the  ionization  loci  themselves.  This  point  has  not  been  tested 
experimentally. 

The  localized  character  of  the  ionization  produced  in  a  biological 
material  by  X-rays  has  certain  important  theoretical  implications.  For 
this  reason  it  may  be  well  to  pursue  it  a  little  further.  In  particular,  it  is 
desirable  to  study  the  influence  of  the  wave-length  of  radiation  on  the 
ionization  loci. 


2  In  support  of  this  idea  may  be  mentioned  the  well-known  difficulty  of  obtaining 
saturation  current  in  a  gas  ionized  by  alpha  rays,  even  when  the  average  ionization 
is  very  low,  on  account  of  the  great  concentration  of  ions  along  the  alpha-ray  paths. 
It  is  also  known  that  saturation  current  cannot  be  obtained  in  the  case  of  liquids, 
irrespective  of  the  type  of  radiation  which  produces  the  ionization. 
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INTERACTION  OF  RADIATION  AND  MATTER 

The  transfer  of  energy  from  photons  to  matter  takes  place  through  the 
intermediary  of  electrons  which  are  set  in  motion,  and  then,  as  we  have 
seen,  ionize  the  material.  But  there  are  two  processes  by  which  the  first 
step  may  be  brought  about  (cf.  Darrow,  Paper  I) :  By  the  (a)  photoelectric 
effect,  in  which  case  all  the  energy  of  the  photon  is  transformed  at  once 
and  the  secondary  electron  leaves  the  atom  with  a  kinetic  energy  less  than 
that  of  the  photon,  by  the  amount  necessary  just  to  separate  the  electron 
from  the  atom.  To  bring  about  this  drastic  transformation  of  a  high- 
energy  photon,  the  latter  must  "collide"  with  an  electron  which  figura- 
tively is  capable  of  "withstanding  the  full  shock  before  running  away." 
That  is,  this  reaction  takes  place  with  tightly  bound  electrons  in  the 
atom,  such  as  those  of  the  K  region.  If  the  photon  has  an  amount  of 
energy  considerably  higher  than  that  required  to  remove  the  electron 
from  the  atom  (varying  with  the  atomic  number  of  the  element),  the 
emergent  electron  travels  at  a  high  speed  and  ionizes  a  large  number  of 
atoms.  The  energy  of  the  photon  which  is  utilized  in  just  removing  the 
electron  from  the  atom  is  not  lost  but  reappears  as  another  photon  as 
soon  as  a  new  electron  takes  the  place  of  the  one  previously  dislodged 
from  the  atom  (cf .  Darrow,  page  24) .  Since  this  photon  does  not  ionize 
until  it  also  sets  an  electron  in  motion,  we  need  not  consider  it  at  this  time. 

The  elements  of  which  living  matter  is  largely  made  up  have  low 
atomic  numbers,  and  even  the  electrons  in  their  K  regions  are  not  very 
rigidly  bound.  Accordingly,  when  the  energy  of  the  photon  is  very  high 
(as  in  the  case  of  high-voltage  X-rays),  the  conditions  for  the  immediate 
and  complete  transformation  of  a  photon  are  not  favorable  and  few 
photoelectric  encounters  of  this  type  occur.  Most  of  the  energy  which 
is  spent  in  ionizing  living  matter  irradiated  by  high-voltage  X-rays  is 
abstracted  from  the  radiation  through  a  different  process,  that  is,  (6)  the 
Compton  effect  (see  Darrow,  page  39).  In  this  case  the  transfer  of 
energy  from  the  photon  to  the  electron  takes  place  according  to  the  laws 
of  elastic  impact  and  depends  on  the  angle  which  the  path  of  the  emergent 
electron  makes  with  the  path  of  the  impinging  photon.  It  should  be 
noted  that  a  photon  can  transmit  practically  all  its  energy  to  an  electron 
in  the  event  of  a  head-on  collision  which  sends  the  electron  hurtling 
through  space  substantially  in  the  direction  which  the  photon  would 
have  followed  had  it  not  been  stopped.  If  the  electron  is  projected  in 
any  other  direction,  the  energy  imparted  to  it  is  always  less  than  this 
amount;  its  speed  is  lower  and  the  number  of  ions  which  it  can  produce  is 
smaller.  No  electrons  can  be  emitted  backward  {i.e.,  toward  the  source 
of  radiation)  by  this  process.  At  most,  an  electron  can  be  projected  at 
right  angles  to  the  path  of  the  photon,  but  in  this  case  it  will  abstract 
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practically  no  energy  from  the  photon.  On  the  other  hand,  it  should  be 
remembered  that  the  electron  which  is  emitted  initially  in  the  general 
direction  of  the  photon  path  will  deviate  from  its  course  by  impacts  with 
atoms  and  may  then  travel  in  the  opposite  direction.  The  energy  of  the 
photon  which  is  not  transmitted  to  the  electron  by  the  Compton-effect 
process  appears  as  a  photon  of  lower  energy  (longer  wave-length)  emitted 
in  a  direction  which  is  compatible  with  the  laws  of  elastic  impact.  As 
in  the  case  of  the  photoelectric  effect,  the  energy  of  the  secondary  photon 
is  not  immediately  available  to  produce  ions.  But  these  photons,  of 
course,  are  identical  with  primary  photons,  although  their  energy  is  less, 
and  therefore  are  capable  of  undergoing  exactly  the  same  transformations 
that  we  have  just  discussed  (photoelectric  effect  and  Compton  effect). 
When  these  occur,  they  will  produce  beta  particles  which  further  contrib- 
ute to  the  ionization  of  the  medium.  The  transformation  of  photons  into 
high-speed  electrons  and  other  photons,  goes  on  indefinitely  until  prac- 
tically all  the  energy  of  the  original  photons  has  been  transferred  to 
electrons  through  repeated  steps  of  this  process.  Mention  might  be  made 
here  of  the  converse  process,  whereby  secondary  electrons  traveling  at 
high  speeds  may  be  stopped  suddenly,  in  which  case  their  kinetic  energy 
appears  in  the  resultant  photon.  (This  is  how  X-rays  are  produced  in  the 
first  place,  except  that  the  electrons  are  accelerated  artificially  in  the 
X-ray  tube.)  This  is  not  a  common  occurrence  in  organic  materials,  but 
in  any  case  it  simply  retards  the  inevitable  disappearance  of  all  photons 
impinging  on  matter  through  the  transformation  of  their  energy  into 
ionization, 

INFLUENCE  OF  THE  QUALITY  OF  RADIATION  ON  THE  DISTRIBUTION  OF 

IONS  IN  LIVING  MATTER 

We  may  now  consider  the  influence  of  the  quality  of  radiation  on  the 
distribution  of  ions  in  living  matter,  on  the  basis  of  the  processes  just 
described.  The  quality  (wave-length  range  and  energy  distribution 
in  this  range)  varies  with  the  voltage  applied  to  the  X-ray  tube.^  But 
in  a  beam  of  X-rays  produced  at  a  given  peak  voltage  there  cannot  be 
wave-lengths  present  which  are  shorter  than  a  theoretical  minimum, 
given  by  the  expression 

_       12,337 
peak  volts 

The  upper  limit  is  rather  indefinite,  but  may  be  taken  as  that  wave-length 
which  is  capable  of  traversing  the  walls  of  the  X-ray  tube.  Radiation 
of  the  minimum  wave-length  is  actually  present  in  negligible  proportion. 

'  The  influence  of  filtration  on  the  quality  of  radiation  will  be  discussed  later. 
See  also  paper  by  L.  S.  Taylor  for  other  factors  which  affect  quality. 
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In  general,  most  of  the  energy  is  carried  by  waves  in  the  neighborhood  of 
double  this  wave-length. 

In  the  case  of  soft  X-rays,  produced,  for  instance,  at  50,000  volts,  the 
minimum  wave-length  is  0.247  A,  and  reciprocally  the  energy  of  the 
secondary  electrons  liberated  by  such  radiation,  by  either  the  photo- 
electric or  Compton  effect,  cannot  exceed  50,000  ev.  Indeed,  a  negligible 
number  would  even  approach  this  energy  Umit.  Fifty  thousand  volt 
electrons  will  travel  a  distance  of  about  5  cm.  in  atmospheric  air,  which 
corresponds  to  approximately  0.06  mm.  in  living  tissues.  This  is  the 
theoretical  maximum  range,  but  actually  most  of  the  ionization  loci  are 
much  shorter,  perhaps  less  than  0.01  or  0.02  mm.  In  this  short  distance 
several  hundred  ion  pairs  are  liberated.  As  the  voltage  at  which  X-rays 
are  produced  increases,  the  path  of  the  fastest  secondary  electrons 
increases  also.  Hence,  some  relatively  long  ionization  loci  are  now 
present  which  were  entirely  absent  in  the  case  of  softer  X-rays.  Further- 
more, the  average  locus  is  also  longer. 

If  the  number  of  ion  pairs  produced  per  centimeter  were  the  same 
throughout  the  path,  the  total  distance  traveled  by  the  secondary 
electron  would  be  proportional  to  the  voltage  required  to  give  it  its  initial 
speed,  because  it  takes  the  same  amount  of  energy  to  produce  a  pair  of 
ions  at  every  point  in  the  path,  m  a  given  material.  This  is  approxi- 
mately true  in  the  first  part  of  the  trajectory  of  high  voltage — high-speed 
— electrons.  But  as  the  speed  reaches  a  certain  relatively  low^  value,  the 
rate  of  ionization  increases  rapidly  and  a  large  number  of  ions  are  pro- 
duced in  a  short  distance.  The  number  of  ions  per  centimeter  set  free  by 
high-speed  beta  particles,  therefore,  is  approximately  constant  (actually 
it  increases  somewhat)  along  most  of  its  trajectory,  and  then  becomes 
several  times  larger  near  the  end  of  its  path.  A  two  miUion  volt  electron, 
such  as  some  of  the  beta  particles  of  radium,  can  liberate  in  living  tissue 
a  total  of  60,000  ion  pairs,  at  the  rate  of  about  3000  to  4000  per  millimeter 
throughout  most  of  its  trajectory.  In  the  last  part  of  its  path,  amounting 
to  a  small  fraction  of  a  millimeter,  the  ionization  rate  is  several  times 
higher.  The  total  distance  traveled  through  tissue  by  such  a  beta 
particle  is  considerably  longer  than  1  cm.,  but  on  account  of  the  tortuous 
path  which  the  electron  follows  the  actual  range  is  generally  shorter  than 
1  cm.  For  lower-voltage  beta  particles  the  range  is  correspondingly 
shorter  (approximately). 

Remembering  that  in  an  organic  material  the  abstraction  of  energy 
from  hard  radiation  takes  place  largely  by  the  Compton  effect  and  that 
through  this  process  electrons  of  low  as  well  as  high  speed  are  produced,  it 
follows  that  even  in  the  case  of  gamma  rays  a  large  proportion  of  the 
secondary  electrons  do  not  travel  very  far  in  living  tissue.     The  ionization 

^  It  is  nevertheless  a  very  high  speed. 
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loci,  therefore,  consist  of  some  long  tracks  (of  the  order  of  1  cm.)  and 
many  shorter  ones  ranging  down  to  a  very  small  fraction  of  1  mm.  The 
difference  in  the  distribution  of  ions  produced  by  soft  and  hard  X-rays 
may  be  visualized  most  readily  as  follows :  A  livhig  tissue  irradiated  with 
soft  X-rays  is  interspersed  with  ionization  loci  which  are  very  short  and 
have  the  appearance  of  dots.  When  the  material  is  irradiated  by  hard 
radiation,  some  of  the  ionization  loci  have  the  appearance  of  dots  and  some 
are  more  like  commas,  with  short  or  long  tails,  depending  on  the  speed 
of  the  electrons  which  produced  them.  The  ion  concentration  in  the  dot 
loci  and  at  the  head  of  the  comma  loci  is  substantially  the  same  in  all 
cases.  The  concentration  along  the  tails  decreases  rapidly  at  first  and 
then  slowly  toward  the  end  of  the  tail.  When  the  tail  is  very  long,  the  ion 
concentration  is  substantially  constant  along  most  of  its  length.  The 
fraction  of  the  total  ionization  which  is  found  in  the  tails  of  all  the  comma 
loci  depends  on  the  quality  of  the  radiation  and  increases  with  its  pene- 
trating power.  In  the  case  of  ordinary  X-rays  produced  at  voltages 
under  200  kv.  peak,  this  fraction  is  always  small.  Recombination, 
depeinding  markedly  on  the  ion  concentration,  is  much  more  rapid  in  the 
dot  loci  than  in  the  tails  of  the  comma  loci.  Accordingly,  if  the  rate  of 
recombination  of  the  ions  influences  their  chemical  and  biological  effec- 
tiveness, the  same  total  number  of  ion  pairs  liberated  in  a  given  material 
will  not  produce  the  same  chemical  and  biological  changes  when,  in  one 
case,  the  ionization  loci  are  dots  and,  in  the  other,  they  are  dots  and 
commas.  Such  a  difference,  if  it  existed,  would  not  be  apparent  in  the 
usual  range  of  X-ray  wave-lengths,  but  it  should  be  noticeable  when  the 
comparison  is  extended  to  the  gamma-ray  region.  It  should  also  be 
particularly  marked  when  the  ionization  is  produced  by  the  hard  beta 
rays  of  radium. 

INTENSITY  OF  RADIATION  AND  INVERSE  SQUARE  LAW 

The  distribution  of  ionization  in  a  biological  medium  has  been  dis- 
cussed so  far  on  the  assumption  that  the  radiation  is  uniformly  distributed 
throughout  the  material.  In  practice  this  is  seldom  (and  strictly  speak- 
ing, never)  the  case.  As  already  pointed  out,  the  intensity  of  radiation 
determines  the  number  of  ionization  loci  in  a  given  volume,  and  not  the 
shape  of  the  loci.  Hence,  the  variation  of  the  intensity  of  radiation 
from  point  to  point  in  the  material  results  simply  in  the  variation  of  the 
concentration  of  ionization  loci.  We  shall  discuss  now  the  factors  which 
influence  the  intensity  of  radiation.  In  this  connection  it  is  important  to 
have  a  clear  idea  of  the  meaning  of  this  term  as  used  here.  (The  same 
expression  is  also  used  to  express  an  entirely  different  quantity,  as  we 
shall  see  later.)  The  fundamental  concept  may  be  presented  most 
simply  on  the  quantum  theory  of  radiation.     It  will  be  recalled  that  in 
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this  theory  a  source  of  radiation  emits  "particles"  of  energy,  known  as 
photons,  which  in  a  vacuum  travel  in  straight  lines  with  the  velocity  of 
light.  The  factor  which,  on  the  undulatory  theory,  is  called  wave-length, 
is  represented  in  this  case  by  the  amount  of  energy  in  the  photon.  The 
shorter  the  wave-length,  the  larger  is  the  amount  of  energy  in  the  photon. 
Monochromatic  radiation  consists  of  photons  all  of  which  carry  exactly 
the  same  amount  of  energy.  A  very  small  source — "point  source" — of 
monochromatic  radiation  emits,  let  us  say,  N  photons  per  second. 
Since  the  emission  takes  place  at  random,  during  a  certain  time  the 
photons  are  projected  uniformly  in  all  directions.  If  the  source  is  at  the 
center  of  a  sphere,  all  the  photons  pierce  the  surface  of  this  sphere,  and 
furthermore,  in  a  given  time  the  same  number  pass  through  equal  areas 
of  the  surface.  The  area  of  a  sphere  of  radius  a;  cm.  is  4x0;^  cm. ^.  There- 
fore the  number  of  photons  traversing  each  square  centimeter  per  second 
is  N/4tx^.  If  each  photon  carries  an  amount  of  energy  hv  (cf.  Darrow, 
page  3),  the  energy  passing  through  each  square  centimeter  per  second 
is  Nhv/^TTX^.  This  is  the  intensity  of  radiation  at  the  distance  x  from  the 
point  source  in  question.  If  the  radiation  is  polychromatic,  it  can  be 
divided  into  its  monochromatic  components  and  the  intensity  of  radiation 
at  a  given  point  will  then  be  the  sum  of  the  intensities  of  the  individual 
components.     The  mathematical  relation  for  the  intensity  of  radiation 

Nhv 


I  = 


Airx^ 


can  be  written  in  the  form 


Nhv     1 

47r      x^ 


or,  since  for  a  given  source  and  in  a  vacuum,  Nhv /Air  is  constant, 

K 


I  = 


^2 


This  is  the  well-known  inverse  square  law,  which  states  that  in  a  vacuum 
the  intensity  of  radiation  at  any  distance  from  a  point  source  is  inversely 
proportional  to  the  square  of  the  distance. 

In  most  X-ray  tubes  employed  in  practice,  the  radiation  is  emitted 
from  a  small  area,  the  "focal  spot"  of  the  target.  The  distance  at  which 
the  material  to  be  irradiated  is  placed  is  relatively  long,  and  therefore 
the  intensity  of  radiation  follows  the  inverse  square  law  very  closely, 
in  vacuo.  The  discrepancy  introduced  by  the  presence  of  air  can  be 
neglected  unless  the  radiation  is  very  soft."     But  when  radium  is  used 

^  Certain  complications  which  cannot  be  discussed  here  arise  in  the  case  of  gamma 
rays,  on  account  of  the  long  range  of  the  secondary  beta  particles. 
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as  the  source  of  radiation,  one  is  dealing  generally  with  distributed  sources 
of  considerable  dimensions  compared  with  the  distance  at  which  the 
material  is  placed.  The  inverse  square  law  is  not  applicable  to  such  a 
source.  For  practical  purposes  one  may  subdivide  it  into  very  small 
areas,  each  of  which  can  then  be  considered  to  be  a  point  source,  and  the 
simple  mathematical  relation  may  be  applied  to  each  without  introducing 
a  large  error.  The  resultant  intensity  at  the  point  is  then  the  sum  of  the 
intensities  due  to  the  assumed  point  sources.  It  should  be  noted  in 
this  connection  that  the  intensity  of  radiation  from  each  point  source 
represents  the  flow  of  energy  through  a  surface  of  unit  area  perpendicular 
to  the  direction  of  travel  of  the  photons,  at  the  point  in  question.  Since 
photons  will  reach  this  point  from  different  directions,  the  surfaces 
through  which  the  flow  of  energy  is  reckoned  have  different  orientations. 
The  summation  of  the  individual  intensities  is  justified  in  the  case  under 
consideration,  because  we  are  really  interested  in  the  number  of  photons 
(and  their  respective  energies)  reaching  a  very  small  volume  surrounding 
the  point.  While  the  intensity  of  radiation  is  expressed  in  the  c.g.s. 
system  of  units  in  terms  of  the  energy  flow  per  square  centimeter,  it  does 
not  follow  that  the  area  of  the  surface  must  be  1  cm.-.  In  fact,  it  should 
always  be  at  least  small  enough  to  insure  a  practically  uniform  distribu- 
tion of  radiation  throughout  the  area. 

The  inverse  square  law  holds  strictly  in  a  vacuum.  If  matter  is  in 
the  neighborhood  of  the  point  at  which  the  intensity  of  radiation  is 
desired,  or  near  the  source,  certain  complications  arise  which  will  be 
discussed  presently.  At  this  time,  it  is  important  to  note  that  with  a 
given  constant  source  of  radiation  the  same  amount  of  energy  in  the 
form  of  photons  is  distributed  over  a  larger  and  larger  area  as  the  radius 
of  the  sphere  (distance  from  the  source)  increases.  Therefore,  the  energy 
flow  per  unit  area  {i.e.,  the  intensity)  must  decrease  correspondingly. 
The  influence  of  matter  on  the  intensity  of  radiation  at  any  point  is 
superimposed  on  this  geometrical  effect.  On  the  basis  of  the  inverse 
square  law  alone,  therefore,  the  intensity  of  radiation  is  different  at  points 
in  a  biological  object  which  are  located  at  different  distances  from  the 
source.  The  variation  of  intensity  with  distance  is  particularly  impor- 
tant in  the  practical  use  of  radium  on  account  of  the  short  distances 
commonly  employed.  This  will  be  readily  appreciated  from  the  follow- 
ing numerical  examples:  Suppose  that  the  object  to  be  irradiated  is 
1  cm.  thick.  If  a  radium  container  of  very  small  dimensions  (approxi- 
mately a  point  source)  is  placed  at  a  distance  of  1  cm.  from  the  object, 
the  intensity  on  the  far  side  will  be  only  one  quarter  of  that  on  the  near 
side  of  the  object,  on  the  basis  of  the  inverse  square  law  alone.  If  the 
radium  is  placed  at  0.5  cm.  distance,  the  intensity  on  the  far  side  is  only 
3-^  of  that  on  the  near  side.     On  the  other  hand,  in  the  case  of  X-rays, 
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where  much  longer  distances  can  be  used,  the  decrease  of  intensity 
from  one  side  of  the  object  to  the  other  is  much  less.  Thus,  for  a  target- 
to-object  distance  of  30  cm.,  it  amounts  to  less  than  7  per  cent.  The 
main  thing  to  remember  in  this  connection  is  that  the  controlling  factor 
is  the  ratio  of  tissue  depth  to  distance  of  source.  The  smaller  this  ratio, 
the  less  variation  of  intensity  there  is  between  the  surface  and  any  chosen 
depth.  In  the  first  example  the  depth,  or  thickness,  of  the  object,  1  cm., 
is  the  same  as  the  distance  of  the  source,  and  the  intensity  at  the  far 
side  is  25  per  cent  of  that  on  the  surface.  In  the  last  example  the  depth 
is  only  }ioth.  of  the  distance  and  the  variation  of  intensity  is  small.  If 
in  this  case  the  depth  were  increased  to  30  cm.,  the  intensity  at  this  point 
would  also  be  25  per  cent  of  that  at  the  surface.^  Similarly,  if  in  the  case 
where  the  radium  is  placed  at  a  distance  of  1  cm.  the  thickness  of  the 
object  were  }i  mm.,  the  difference  between  the  intensities  on  the  two  sides 
would  be  less  than  7  per  cent. 

INFLUENCE  OF  MATTER  ON  THE  INTENSITY  OF  RADIATION 

We  may  now  proceed  to  the  discussion  of  the  influence  of  matter  on 
the  intensity  of  radiation.  Let  us  examine  first  what  happens  to  mono- 
chromatic radiation  when  it  reacts  with  matter.  For  the  present  we  shall 
neglect  the  reaction  between  the  radiation  and  the  air  which  surrounds 
the  source,  and  we  shall  concern  ourselves  solely  with  liquids  or  solids  of 
organic  constituents.  In  the  first  very  thin  layer  of  the  material  some 
of  the  photons  which  make  up  the  beam  undergo  photoelectric  trans- 
formations whereby  most  of  their  energy  is  transferred  to  the  secondary 
beta  particles.  The  remainder  of  the  energy  reappears  subsequently  as 
photons  of  much  lower  energy.^  These  photons,  it  will  be  recalled,  are 
emitted  when  electrons  fall  into  the  spaces  in  the  atoms  left  vacant  by 
the  electrons  which  were  expelled  through  photoelectric  encounters. 
They  are,  therefore,  the  characteristic  radiations  of  the  elements  in  the 
material  and,  in  the  case  under  discussion,  are  low-energy  photons. 
(The  maximum  photon  energies  of  the  K  regions  for  the  principal  ele- 
ments of  organic  matter  are:  H  13.6,  C  25.1,  N  33.8,  0  50.2  ev.)  Their 
emission,  depending  only  on  the  resumption  of  the  normal  state  of  the 
atoms,  is  a  random  phenomenon,  and  in  the  aggregate  these  photons  are 
emitted  equally  in  all  directions.  Since  for  each  photon  of  the  original 
beam  which  undergoes  a  photoelectric  change  one  low-energy  photon  and 
a  high-speed  electron  are  liberated,  the  total  number  of  photons  remains 

8  Neglecting  all  influence  of  matter  on  the  radiation. 

'  It  is  tacitly  assumed  in  this  discussion  that  the  beam  of  X-rays  under  considera- 
tion is  of  medium  hardness  such  as  is  ordinarily  used  at  present.  As  already  men- 
tioned, the  energy  of  the  initial  photon  is  subdivided  between  secondary  electron  and 
photon  in  different  proportions,  depending  on  the  hardness  of  the  radiation. 
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the  same.^  But  (a)  the  total  photonic  energy  is  less  than  it  was  before 
the  beam  entered  the  thin  layer  of  material,  and  (6)  most  of  the  resultant 
low-energy  photons  do  not  travel  in  the  direction  of  the  primary  photons. 
In  fact,  some  travel  in  the  opposite  direction.  Furthermore,  these 
photons  transfer  their  energy  to  matter  within  a  very  short  distance  and 
most  of  them  cannot  leave  the  thin  layer  of  material  in  which  they  were 
formed. 

In  the  first  thin  layer  of  the  material  there  occur  also  transformations 
of  the  Compton  type.  Here  again  the  total  number  of  photons  at  the 
end  is  the  same,  but  their  energy  is  less  since  some  was  transmitted  to 
the  secondary  electrons  ejected  in  the  process.  As  in  the  case  of  the 
secondary  photoelectric  photons,  those  produced  in  Compton  encounters 
may  be  emitted  in  any  direction  but  with  one  very  important  limitation. 
The  direction  of  emission  and  the  proportion  of  the  primary-photon 
energy  carried  by  the  secondary  photon  are  governed  by  the  laws  of 
elastic  collisions  and  must  therefore  bear  certain  relations  to  the  direction 
of  the  primary  photon  and  its  energy  content.  The  aggregate  distribu- 
tion of  the  secondary  photons  in  this  case  is  such  that  those  of  highest 
energy  travel  in  substantially  the  same  direction  as  the  primary  photons, 
those  of  lowest  energy  travel  in  the  opposite  direction,  while  those  of 
intermediate  energy  travel  in  appropriate  directions  between  these  two 
extremes.  In  this  case,  most  of  the  secondary  photons  are  able  to  leave 
the  thin  layer  of  material.^  However,  only  those  emitted  substantially 
in  the  direction  of  the  primary  photons  reach  the  next  layer.  Thus, 
while  the  total  number  of  photons  produced  in  the  first  layer  by  photo- 
electric or  Compton  encounters  is  practically  the  same  as  the  number  of 
photons  which  have  been  transformed,  the  number^  which  enters  the 
next  layer  is  appreciably  lower  than  the  number  of  primary  photons. 
Since  in  addition  some  of  the  photons  incident  on  the  second  layer  have 
less  energy  than  the  original  ones,  the  intensity  of  radiation  at  this  level 
is  still  less. 

Similar  transformations  take  place  in  the  next  thin  layer.  More  of 
the  primary  photons  lose  their  identity  by  transferring  their  energy 
partly  to  electrons  and  creating  new  photons  of  lower  energy.  Con- 
tinuing in  this  way  it  is  evident  that  at  each  step  more  and  more  of  the 
primary  photons  disappear  and  a  larger  proportion  of  the  transmitted 
radiation  consists  of  lower-energy  photons.  At  the  same  time  the  num- 
ber of  photons  traveling  in  directions  differing  from  that  of  the  primary 
beam  increases.  These  photons  consist  of  those  which  have  been  pro- 
duced through  photoelectric  and  Compton  energy  interchanges  (largely 

^  This  is  not  strictly  true  on  account  of  the  "Auger  effect"  (cf.  K.  K.  Darrow). 
"  The  actual  proportion  depends,  of  course,  on  the  wave-length  of  the  original 
beam  and  the  thickness  of  the  layer  under  consideration. 


IONIZATION  AND  BIOLOGICAL  EFFECTS  101 

the  latter)  and  those  primary  photons  which  have  been  scattered  without 
loss  of  energy.  ^°  This  process  has  not  been  mentioned  so  far  because 
no  ionization  results  from  it.  The  main  effect  is  a  deviation  of  some 
photons  from  their  straight-line  paths  with  a  resultant  widening  of  the 
radiation  beam,  and  consequently  a  decrease  of  the  intensity  of  radiation 
along  the  axis. 

SECONDARY  PHENOMENA 

The  interactions  of  radiation  and  (organic)  matter  just  described 
lead  to  some  very  important  results. 

A.  It  is  evident  that  monochromatic  radiation  becomes  polychromatic 
(heterogeneous)  after  traversing  even  a  small  thickness  of  matter,  on 
account  of  the  presence  in  the  transmitted  beam  of  photons  of  lower 
energy. 

B.  The  proportion  of  lower-energy  photons  in  the  transmitted  beam 
increases  with  the  thickness  of  the  material,  that  is,  the  radiation  becomes 
gradually  softer.  But,  since  the  lower  the  photon  energy  the  more 
easily  it  is  transferred  to  electrons  and  thence  utilized  in  producing  ions, 
the  softer  components  of  the  radiation  do  not  travel  so  far  in  the  material 
as  the  primary  radiation.  Accordingly,  beyond  a  certain  thickness  the 
energy  distribution  of  the  photons  in  the  transmitted  beam  {i.e.,  the 
quality)  remains  substantially  constant,  since  the  photons  of  lower 
energy  are  eliminated  by  the  very  layer  of  matter  in  which  new  ones  of 
the  same  energy  distribution  are  produced.  When  this  condition  is 
reached,  it  is  said  that  the  radiation  is  in  "equilibrium  with  its  second- 
aries." In  the  end,  however,  provided  the  thickness  of  material  is  large 
enough,  the  "degeneration"  of  the  radiation  is  complete  and  all  its  energy 
is  finally  transferred  to  ions. 

C.  Since  secondary  photons  are  emitted  in  all  directions,  a  material 
body  traversed  by  a  beam  of  X-rays  acts  in  some  respects  as  a  new  source 
of  radiation.  The  most  important  difference  is  in  the  distribution  of  the 
rays  around  the  new  source.  The  part  of  the  secondary  radiation  which 
is  due  to  the  photoelectric  effect,  being  extremely  soft,  is  utilized  in  situ 
almost  entirely.  What  comes  out  of  the  material  body  as  secondary 
radiation,  therefore,  is  made  up  very  largely  of  photons  liberated  by  the 
Compton  effect.     However,  as  already  stated,  these  photons  are  pro- 

1"  It  might  be  well  to  mention  at  this  point  that  most  authors  think  of  the  Compton 
effect  as  a  scattering  process,  whereby  the  photon  collides  with  an  electron  and 
bounces  off  with  diminished  energy  (longer  wave-length).  To  distinguish  this  type 
of  scattering  from  the  one  mentioned  above  in  which  no  change  of  wave-length 
occurs,  they  refer  to  it  as  "Compton  scattering,"  or  scattering  with  change  of  wave- 
length. The  writer  feels  that  for  the  purpose  of  this  presentation  it  is  preferable  to 
call  the  photon  of  lower  energy  resulting  from  the  Compton  collision  a  secondary 
photon.     Of  course,  the  final  result  is  identical  irrespective  of  the  terminology. 
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jected  most  copiously  in  the  forward  direction  and  their  energy  content 
is  also  greatest  in  this  direction.  Hence,  the  radiation  which  leaves  the 
material  body^^  is  hardest  and  most  intense  in  the  forward  direction  and 
gradually  becomes  softer  and  less  intense  as  the  angle  between  the  axis 
of  the  primary  beam  and  the  direction  of  emission  of  the  secondary 
radiation  increases  to  180  deg. 

D.  Since  the  energy  carried  by  all  the  secondary  radiation  is  derived 
from  the  primary  beam,  and  since  by  the  very  process  which  produces  it, 
some  energy  is  transferred  to  electrons,  the  energy  of  the  secondary  rays 
is  always  much  less  than  that  of  the  primary.  A  fortiori,  in  any  one 
direction  the  intensity  of  the  secondary  radiation  is  much  lower  than  that 
of  the  primary  beam  at  the  level  of  the  material  object.  This  is  generally 
true  whether  the  radiation  is  hard  or  soft.  For,  if  the  radiation  is  hard, 
it  has  a  high  penetrating  power  and  it  undergoes  few  photoelectric  and 
Compton  transformations  by  which  alone  it  can  transmit  energy  to 
secondary  rays.  If  it  is  soft,  it  undergoes  many  transformations  in  its 
passage  through  matter,  but  the  secondary  radiation  is  still  softer,  and  a 
large  proportion  is  unable  to  leave  the  material  body.^- 

E.  Mention  has  been  made  of  the  fact  that  some  secondary  radiation 
leaves  the  body  in  a  direction  opposite  (or  nearly  so)  to  that  of  the 
primary  beam.  This  constitutes  what  is  usually  called  the  "back- 
scattered  radiation,"  or  simply  (and  improperly)  the  "back  scatter."  It 
plays  an  important  part  in  many  practical  cases,  and  should  always  be 
taken  into  account  in  biological  work.  Considering  the  process  of  its 
formation  described  in  the  preceding  paragraphs,  the  following  qualitative 
conclusions  may  be  reached:  The  contribution  of  the  (characteristic) 
photons  liberated  by  the  photoelectric  effect  to  the  back-scattered 
radiation  outside  the  body  is  generally  negligible.  This  radiation  is 
extremely  soft  and  can  traverse  only  a  small  thickness  of  air.  The 
photons  derived  from  Compton  encounters,  which  constitute  the  main 
part  of  the  back-scattered  radiation,  have  all  less  energy  than  the  primary 
photons.  In  addition,  they  differ  in  energy  content  among  themselves 
because  they  do  not  all  leave  the  surface  (they  are  not  all  emitted)  in  the 
same  direction.  Hence,  this  radiation  is  very  heterogeneous,  even  when 
the  primary  beam  is  monochromatic.  The  relative  intensity  of  the  back- 
scattered  radiation  varies  with  the  wave-length  (photon  energy)  of  the 
primary  rays.  For  soft  radiation  it  is  small,  since  in  this  case  the 
photoelectric  effect  predominates.     For  hard  radiation  it  is  an  appreciable 


"  Obviously  the  size  of  the  body  and  the  quahty  of  the  primary  radiation  must 
also  be  taken  into  account  in  any  actual  case. 

12  Also,  in  the  case  of  soft  radiation  the  photoelectric  effect  predominates  and 
therefore  most  of  the  energy  is  transferred  directly  to  electrons. 


IONIZATION  AND  BIOLOGICAL  EFFECTS  103 

proportion ^3  of  the  intensity  of  the  incident  radiation.  For  very  hard 
X-rays  or  gamma  rays  it  is  again  small  because  Compton  "scattering" 
in  this  case  takes  place  largely  in  the  forward  direction.  It  is  obvious 
that  the  proportion  of  back-scattered  radiation  must  increase  with  the 
thickness  of  the  irradiated  body,  up  to  a  certam  point.  When  the  thick- 
ness is  such  that  photons  hberated  at  the  far  side  lose  all  their  energy 
before  reaching  the  near  side,  there  can  be  no  further  increase.  This 
critical  thickness  depends,  of  course,  on  the  wave-length  of  the  incident 
radiation.  It  is  e\'ident  also  that  within  certain  limits,  the  cross  sections 
of  the  irradiated  object  and  the  beam  must  influence  the  proportion  of  the 
back-scattered  radiation. 

No  mention  has  been  made  of  the  secondary  electrons  liberated  by  the 
hypothetical  monochromatic  beam  in  its  passage  through  organic  matter. 
From  the  discussion  of  this  subject  already  given,  and  the  preceding 
considerations,  it  follows  that:  (a)  The  maximum  length  of  the  ionization 
loci  is  set  by  the  wave-length  (photon  energy)  of  the  primary  radiation, 
and  is  the  same  throughout  the  material.  (6)  But  the  relative  number 
of  loci  of  this  length  decreases  with  the  depth  in  the  material  at  which 
they  are  produced.  This  is  a  direct  consequence  of  the  softening  of  the 
radiation  by  its  passage  through  organic  matter,  (c)  Near  the  surface 
there  is  a  sharper  separation  in  the  length  of  the  ionization  loci,  because 
those  produced  by  the  back-scattered  radiation  are  much  shorter  than 
those  produced  by  the  primary  photons.  In  the  deeper  layers,  loci 
of  intermediate  length  increase  in  number.  These  three  conclusions  refer 
to  the  relative  distribution  of  loci  of  different  lengths  at  different  levels  of 
the  material.  In  addition,  (d)  the  total  number  per  cubic  centimeter 
decreases  with  the  depth  on  account  of  the  effect  of  the  inverse  square  law 
and  the  abstraction  of  energy  from  the  primary  beam  by  the  intervening 
matter.  The  loci  are,  therefore,  more  sparsely  distributed  in  the  deeper 
layers  than  at  the  surface.  Also,  it  should  be  noted  that  (e)  a  beam  of 
radiation  which  has  a  well-defined  cross  section  before  entering  the 
material,  produces  ionization  outside  of  its  geometrical  contour  on  account 
of  the  secondary  rays  which  are  emitted  in  all  directions.  The  ionization 
loci  in  this  peripheral  region  are  always  shorter  than  within  the  confines 
of  the  geometrical  beam  proper. 

What  takes  place  when  a  polychromatic  or  heterogeneous  beam  of 
X-rays  passes  through  organic  matter  may  be  surmised  readily  from  the 
preceding  discussion.  The  interaction  with  matter  is  essentially  the 
same  for  the  different  components,  but  it  varies  in  degree.     It  may 

"  The  back-scattered  radiation  as  ordinarily  measured  appears  to  have  a  high 
"intensity,"  even  up  to  50  per  cent  of  that  of  the  primary  beam,  in  the  case  of  200-kv. 
filtered  X-rays.  This  is  due  to  the  use  of  the  term  "intensity"  in  a  different  sense 
from  the  one  given  so  far  (see  later). 
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happen,  therefore  (and  in  practice  this  is  usually  the  case),  that  the 
hardness  of  the  radiation  increases  with  the  depth,  up  to  a  certain  point, 
because  the  soft  components  are  unable  to  penetrate  beyond  the  super- 
ficial layers  of  the  material.  Obviously,  under  these  conditions  the 
concentration  of  ionization  loci  drops  very  rapidly  with  increasing  depth. 

FILTRATION 

The  hardening  effect  just  mentioned,  which  can  be  enhanced  by  suit- 
able choice  of  material,  is  made  use  of  in  practice  to  obtain  beams  of  a 
more   homogeneous    character    {i.e.,   less   difference   in   the   component 
wave-lengths)  than  that  of  the  radiation  emitted  by  an  X-ray  tube  or 
radium.     The  process  by  which  this  is  accomplished  is  called  filtration. 
The  choice  of  the  material  to  be  used  as  a  filter  is  governed  by  the  follow- 
ing considerations :  The  longer  wave-length  components  lose  energy  more 
readily  through  both  photoelectric  and  Compton  transformations.     But 
in  the  case  of  the  photoelectric  effect  the  wave-length  (energy)  of  the 
secondary  photon  depends  only  on  the  atomic  number  of  the  material, 
whereas  in  the  case  of  the  Compton  effect  it  depends  on  the  wave-length 
of  the  incident  radiation  and  the  angle  at  which  the  secondary  photon  is 
emitted.     The  photoelectric  effect  is  small,  or  even  negligible,  when  the 
radiation  is  hard  and  the  material  has  a  low  atomic  number.     The 
Compton  effect  is  predominant  under  these  conditions,  and  vice  versa. 
One  may  conclude,  therefore,  that  the  proper  material  to  use  in  any 
given  case  is  one  of  such  atomic  number  that  the  photoelectric  effect  takes 
a  predominant  part  in  removing  the  softer  components  of  the  beam.     At 
the  same  time,  the  atomic  number  must  not  be  so  high  that  the  photo- 
electric effect  is  also  large  for  the  harder  components  of  the  beam,  since 
this  would  diminish  unduly  the  intensity  of  the  desired  radiation.     Also, 
it  should  be  noted  that,  while  the  characteristic  radiation  of  materials  of 
low  atomic  number  resulting  from  photoelectric  interchanges  is  negligible, 
it  assumes  greater  importance  with  the  higher  atomic-number  elements. 
In  practice  it  has  been  found  that  aluminum  is  a  satisfactory  filter  for 
soft  X-rays,  produced  at  voltages  not  exceeding  100  kv.  peak.     Copper 
is  ordinarily  used  for  voltages  in  the  neighborhood  of  200  kv.  peak.     In 
this  range,  when  high  filtration  is  desired,  say,  2  mm.  Cu,  Thoraeus  (4) 
has  shown  that  it  is  more  economical  to  use  tin.     However,  this  introduces 
certain  complications  because  its  characteristic  radiation  (K  radiation 
0.424  A,  corresponding  to  photon  energy  of  29  kv.)  is  in  the  range  of 
wave-lengths  which  one  wishes  to  eliminate.  ^-^     As  a  result,  some  fairly 
long  radiation  in  the  primary  beam  is  transmitted  readily  (anomalously) 
through  the  filter,  and  some  soft  characteristic  radiation  is  also  emitted. 
To  overcome  this  difficulty  a  sheet  of  copper  is  added  to  the  tin,  of 
"  An  element  is  particularly  transparent  to  its  own  characteristic  radiation. 
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sufficient  thickness  to  absorb  the  soft  radiation  passing  through  the  tin. 
Of  course,  copper  has  its  own  characteristic  radiation,  which  is  still 
softer  than  that  of  tin,  and  to  remove  it  a  sheet  of  aluminum  is  added 
to  the  filter.  The  characteristic  radiation  of  this  metal  is  so  soft  that  a 
few  centimeters  of  air  suffice  to  eliminate  it.  It  is  important  to  note  that 
a  composite  filter  of  this  sort  must  always  be  used  in  such  a  way  that  the 
radiation  traverses  it  from  the  material  of  highest  to  that  of  lowest 
atomic  number. 

A  filter  removes  from  a  heterogeneous  beam  of  radiation  its  softest 
components,  reduces  considerably  the  intensity  of  the  components  of 
medium  hardness,  and  reduces  somewhat  the  intensity  of  the  hardest 
components.  Thus  the  transmitted  radiation,  while  much  harder  on 
the  average,  is  not  monochromatic.  The  minimum  wave-length  is  the 
same  in  the  filtered  as  in  the  unfiltered  beam.  What  degree  of  filtration 
one  should  use  depends  on  the  purpose  for  which  the  radiation  is  to  be 
employed.  In  radiotherapy  with  200-kv.  X-rays,  a  filter  of  0.5  mm.  Cu 
and  0.5  mm.  Al  is  satisfactory.  Filters  of  2  or  2.5  mm.  Cu  or  equivalent 
composite  filters  are  also  used.  With  200-kv.  X-rays  the  increase  in 
hardness  with  increase  in  filter  beyond  0.5  mm.  Cu  is  slight,  while  the  loss 
of  radiation  is  considerable.  The  only  way  to  obtain  monochromatic 
X-rays  is  by  means  of  a  spectrometer.  Unfortunately,  however,  the 
intensity  of  a  monochromatic  beam  thus  produced  is  usually  too  low  for 
most  biological  investigations.  Beams  of  considerable  homogeneity  may 
be  produced  in  certain  wave-length  ranges  by  taking  advantage  of  the 
characteristic  radiation  and  anomalous  transmission  of  suitable  materials. 
For  this  purpose  the  metal  used  as  a  target  in  the  X-ray  tube,  the  voltage 
applied  to  the  latter,  and  the  filter  material,  must  be  properly  chosen. 

In  the  case  of  radium,  filtration  is  essential  if  one  wishes  to  use  only 
the  gamma  radiation.  It  may  be  recalled  that  radium  in  equilibrium 
with  its  disintegration  products  emits  three  types  of  ionizing  radiations: 
(a)  The  alpha  particles,  or  rays,  which  are  helium  nuclei  projected  at 
high  speed.  They  are  completely  absorbed  by  a  sheet  of  paper  of 
ordinary  thickness.  (6)  The  beta  particles,  or  rays,  which  are  electrons 
traveling  at  very  high  speed.  It  takes  approximately  2  mm.  of  brass,  or 
1  mm.  Pb,  or  0.5  mm.  Au  or  Pt  to  stop  all  the  primary  beta  rays,  (c) 
The  gamma  rays,  which  are  photons  having  on  the  average  much  higher 
energies  than  are  found  in  X-ray  photons.  Those  of  highest  energy  can 
traverse  many  centimeters  of  lead.  The  spectrum  of  gamma  rays  is  very 
complex  and  is  not  very  well  known  on  account  of  experimental  diffi- 
culties arising  from  the  short  wave-lengths  involved  and  lack  of  small 
sources  of  very  high  power.  However,  it  may  be  mentioned  that  the 
same  filtration  which  is  required  to  eliminate  the  primary  beta  rays 
also   reduces  effectively  the   soft  gamma-ray  components.     For  most 
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practical  purposes,  it  is  not  advisable  to  push  the  filtration  much  beyond 
this  point.  The  secondary  radiation  emitted  by  the  filter  in  the  case  of 
gamma  rays  is  very  troublesome.  It  includes  electrons  which  may  travel 
at  a  speed  approaching  that  of  the  primary  beta  rays.  They  are  pro- 
duced, of  course,  by  photoelectric  or  Compton  collisions  as  in  the  case  of 
X-rays,  but  they  travel  much  faster  because  the  energy  of  the  gamma 
photons  is  much  higher.  Since  the  ionization  produced  in  a  given  length 
of  path  is  very  much  greater  in  the  case  of  a  beta  particle  than  in  that  of  a 
photon  of  equal  energy,  the  secondary  electrons  emitted  by  the  filter 
may  produce  marked  spurious  effects.  In  biological  experiments  it  is 
very  desirable  to  have  an  organic  material  several  millimeters  thick  as  a 
secondary  filter. 

ESSENTIAL  FACTORS  FOR  THE  CORRELATION  OF  IONIZATION  AND 

BIOLOGICAL  EFFECTS 

The  subject  matter  presented  so  far  enables  the  biologist  to  form  a 
mental  picture  of  the  primary  reactions  which  occur  in  a  biological 
material  while  it  is  being  irradiated.  Particular  emphasis  has  been  laid 
on  ionization — its  origin,  spacial  and  linear  distributions,  and  the  influence 
of  the  quality  of  radiation  thereon.  Ionization  is  the  only  thing  we  know 
of  to  which,  rightly  or  wrongly,  we  may  attribute  all  other  effects  of 
radiation.  Hence,  any  attempt  at  a  correlation  of  the  biological  effects  of 
radiation  requires  of  necessity  a  quantitative  knowledge  of  the  ionization 
in  the  living  materials  studied.  But  this  essential  information  is  very 
diflacult  to  obtain.  In  the  first  place,  there  is  no  way  of  measuring 
directly  the  ionization  produced  by  radiation  in  a  liAing,  or  even  a  dead, 
organism.  The  usual  method  employed  in  determining  the  degree  of 
ionization  in  gases  by  measuring  the  largest  electric  current — saturation 
current^which  the  ions  are  capable  of  conveying,  cannot  be  used  in  the 
case  of  tissues.  For,  any  electric  field  applied  to  the  material  to  obtain 
the  saturation  current  (were  this  possible)  sets  up  simultaneously  a  much 
larger  current  which  has  nothing  to  do  with  the  ionization  produced  by  the 
radiation.  In  other  words,  the  material  is  a  fairly  good  conductor  to 
start  with,  and  any  increase  in  conductivity  due  to  the  radiation  is 
utterly  imperceptible.  Therefore  the  best  one  can  do  is  to  attempt  to 
determine  the  ionization  in  the  living  material  by  indirect  means.  When- 
ever indirect  means  are  employed  to  get  quantitative  data,  assumptions 
are  likely  to  be  made,  explicitly  or  implicitly.  It  is  then  extremely 
important  in  making  use  of  the  data,  to  bear  in  mind  the  assumptions 
made  and  the  restrictions  which  they  impose.  While  the  necessity  of 
such  caution  is  obvious,  radiological  literature  nevertheless  shows  that  it 
is  rarely  exercised.  In  the  remaining  paragraphs  an  attempt  will  be 
made   to   point   out   the   principal   limitations   of   the   indirect   method 
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generally  employed  for  determining  the  ionization  in  biological  materials. 
The  term  ionization  as  used  in  the  preceding  paragraph  is  quite 
indefinite.  We  must  state,  therefore,  just  what  it  is  that  we  wish  to 
know  about  the  ionization  produced  in  a  living  organism.  Ions  are  liber- 
ated in  the  material  during  the  entire  time  that  it  is  exposed  to  radiation. 
In  this  time  a  definite  number  of  ion  pairs  will  have  been  produced,  which 
represents  the  total  amount  of  energy  transferred  to  the  material  by  the 
radiation.  Remembering  that  it  takes  energy  to  produce  any  change,  we 
may  readily  conclude  that  one  of  the  factors  we  wish  to  know  is  the 
total  number  of  ion  pairs  set  free.  The  same  number  of  ions  may  be 
distributed  through  a  small  or  large  volume,  and  obviously  the  effect 
on  the  individual  living  cells  will  be  different.  Hence  it  is  important  to 
know  the  number  of  ion  pairs  per  unit  volume  liberated  during  the 
exposure  to  radiation.  We  must  know  this  for  every  point  in  the  material 
since,  as  already  stated,  the  distribution  of  radiation  is  seldom  strictly 
uniform.  Having  this  information  it  is  possible  to  correlate  the  observed 
biological  change  or  changes  with  the  amount  of  energy,  in  the  form  of 
ionization,  supphed  to  the  hving  cells.  If  (direct  or  indirect)  means  are 
available  for  the  measurement  of  the  biological  changes,  the  correlation 
can  be  quantitative.  Investigations  of  this  type  provide  the  fundamental 
data  essential  to  the  development  of  the  science.  The  next  step  is  the 
formulation  of  generalizations.  If  pursued  far  enough  this  will  lead  to 
the  study  of  the  mechanism  by  which  the  ionization  produces  the  bio- 
logical changes.  Here  the  fact  that  the  ions  are  concentrated  along  what 
we  have  called  ionization  loci  cannot  be  ignored.  This  is  so  whether  one 
undertakes  to  develop  a  theory  on  the  basis  of  "direct  hits"  of  a  hypo- 
thetical sensitive  center  of  the  cell  (1)  or  otherwise.  For,  even  on  the 
simple  assumption  that  the  chemical  constitution  of  the  medium  is  altered 
somewhat,  the  degree  of  change  may  depend  on  the  concentration  of  ions 
in  the  loci  (due  to  recombination  or  other  factors).  Then  almost  cer- 
tainly the  rate  of  diffusion  of  the  chemically  altered  substances  from  the 
loci  outward,  must  play  some  part  in  the  biological  effectiveness  of  the 
ionization.  Therefore  one  should  know  also  the  distribution  of  the  ioniza- 
tion loci  and  the  ion  concentration  therein. 

The  discussion  of  the  phase  of  the  subject  given  in  this  chapter, 
provides  the  necessary  qualitative  data.  In  order  to  get  the  quantitative 
data  applicable  to  any  particular  practical  case,  the  biologist  is  referred 
to  some  of  the  textbooks  listed  at  the  end  of  the  chapter.  ^^  The  desired 
information  is  not  readily  available,  since  little  attention  has  been  paid 
to  it  in  the  past,  from  the  biologist's  viewpoint.     However,  enough  is 

>*  Especially  "Radiations  from  Radioactive  Substances,"  by  Rutherford,  Chad- 
wick,  and  Ellis.     Many  references  to  original  papers  will  be  found  there. 
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known  to  permit  one  to  make  a  fairly  close  estimate  of  the  distribution 
of  ions  in  the  loci  under  the  conditions  met  with  in  practice. 

The  spacial  distribution  of  the  ionization  in  a  given  material  is  inde- 
pendent of  the  duration  of  the  irradiation,  in  the  sense  that  on  the  average 
each  element  of  volume  receives  the  same  amount  of  energy,  compatible, 
of  course,  with  the  variation  of  the  intensity  of  radiation  from  point  to 
point  in  the  material.  This  is  analogous  to  saying  that  every  square 
foot  of  a  plane  exposed  to  rain  receives  the  same  number  of  drops,  pro- 
vided the  exposure  is  not  too  short.  It  follows,  therefore,  that  the  num- 
ber of  ions  per  unit  volume  produced  at  a  given  point  by  a  constant  source 
of  radiation,  is  directly  proportional  to  the  duration  of  the  exposure. 
Accordingly,  the  main  problem  is  to  determine  the  number  of  ions  liber- 
ated in  unit  volume  of  the  material  per  unit  time  under  the  action  of 
radiation  of  a  given  intensity  and  a  known  quality.  From  the  definition 
of  intensity  given  so  far  it  is  evident  that,  all  other  conditions  remaining 
the  same,  this  number  is  directly  proportional  to  the  intensity,  since  the 
latter  determines  the  rate  at  which  energy  is  supplied  to  a  given  volume 
of  the  material.  However,  when  the  quality  of  the  radiation  is  not  the 
same,  the  relation  between  the  number  of  ions  per  cubic  centimeter  per 
second  and  intensity  is  much  more  complex.  Remembering  that  even 
monochromatic  radiation  becomes  heterogeneous  in  its  passage  through  a 
biological  material,  it  is  evident  that  the  quality  of  radiation  is  always 
involved.     This  question  requires  very  careful  consideration. 

Let  us  examine  the  ionization  produced  by  two  hypothetical  beams  of 
monochromatic  radiation,  the  wave-length  of  which  is  very  different. 
For  the  sake  of  definiteness,  imagine  two  point  sources  of  equal  ("candle") 
power,  one  emitting  (soft)  X-rays  and  the  other  gamma  rays.  Per 
unit  time  each  source,  therefore,  emits  the  same  amount  of  energy  in  all 
directions.  Remembering  the  derivation  of  intensity  of  radiation  previ- 
ously given,  the  two  sources  will  provide  the  same  intensity  of  radiation 
at  a  given  distance  from  either.  A  biological  material  placed  at  this 
distance  (from  either  source)  will  receive  the  same  amount  of  energy  per 
unit  time.  The  complete  utilization  of  this  amount  of  energy  through 
ionization  of  the  material  produces  the  same  number  of  ions  in  both 
cases.  But,  owing  to  the  greater  penetrating  power  of  gamma  rays, 
the  same  number  of  ions  is  distributed  through  a  much  larger  depth 
and  volume  of  the  material  than  in  the  case  of  X-rays.  Hence  the  number 
of  ions  produced  per  second  per  cubic  centimeter  of  tissue  at  a  given 
depth  is  much  smaller  in  the  case  of  the  gamma-ray  source,  under  the 
conditions  stipulated  above.  It  is  evident,  therefore,  that  the  rate  at 
which  ions  are  liberated  at  a  given  point  in  the  material  depends  on 
something  more  than  the  intensity  of  radiation,  and  that  this  additional 
factor  is  the  quality  of  the  radiation  at  the  point  in  question.     The 
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quality  determines  what  fraction  of  the  total  energy  traversing  a  certain 
layer  of  the  material  is  immediately  available  to  produce  ions  in  the  same 
layer.  1^  Theoretically,  then,  knowing  the  intensity  and  the  quahty  of 
the  radiation  at  a  given  point  in  the  material,  one  would  know  also  the 
rate  at  which  ions  are  being  produced  per  unit  volume.  The  quantita- 
tive relationships  involved,  however,  are  such  as  to  preclude  their  utiliza- 
tion in  the  great  majority  of  practical  cases.  It  is  almost  impossible  at 
the  present  time  to  measure  with  reasonable  accuracy  the  intensity  of  a 
beam  of  hard  X-rays  in  terms  of  the  energy  flow  per  unit  area.  It  is 
equally  difficult  to  determine  the  exact  quality  of  radiation  at  every 
point  of  the  material  (the  reasons  are  of  no  particular  interest  to  the 
biologist) .  However,  many  of  the  practical  difficulties  may  be  overcome 
by  a  tour  de  force. 

The  argument  involved  is  as  follows :  As  already  explained,  ionization 
cannot  be  measured  directly  in  Hving  tissues.  Fortunately,  however, 
the  interaction  of  radiation  and  matter  depends  (almost)  entirely  on  the 
atomic  numbers  of  the  elements  and  the  respective  proportions  in  which 
they  are  present  in  the  material,  and  not  on  their  state  of  aggregation. 
Since  the  atomic  number  of  hydrogen  is  1,  its  contribution  to  the  ioniza- 
tion in  a  living  organism  is  very  small.  Practically  all  the  ionization  is 
due  therefore  to  the  oxygen,  nitrogen,  and  carbon  components.  Atmos- 
pheric air,  consisting  largely  of  nitrogen  and  oxygen,  is  a  close  approxi- 
mation to  living  tissue,  insofar  as  its  quantitative  reaction  with  radiation 
is  concerned.  Being  a  gas,  the  ionization  which  is  produced  therein  can 
be  measured  readily.  By  virtue  of  this  atomic  relation,  the  number  of 
ions  produced  in  1  gm.  of  living  matter  is  substantially  the  same  as  the 
number  of  ions  liberated  in  1  gm.  of  air,  under  the  same  conditions  of 
irradiation.  Furthermore,  the  one-to-one  correspondence  is  (approxi- 
mately) independent  of  the  quahty  of  radiation.  Hence,  by  measuring 
ionization  in  air  under  suitable  conditions,  one  can  determine  the  ionization 
produced  in  a  living  organism,  without  a  quantitative  knowledge  of  the 
true  (vide  infra)  intensity  of  radiation,  the  quality,"  and  the  laws  of 
"absorption"  of  radiation  by  organic  matter.  It  should  not  be  assumed, 
however,  that  all  difficulties  have  been  eliminated.  For,  the  determina- 
tion of  the  "suitable  conditions"  alluded  to  above,  presents  a  problem  of 
the  first  magnitude,  which  has  not  yet  been  solved  completely. 

1^  The  usual  presentation  of  this  subject  is  based  on  the  concept  of  "absorption" 
of  energy  by  the  material.  It  is  then  said  that  the  part  of  the  radiation  which  is 
available  to  produce  ions,  chemical  and  biological  changes,  is  that  which  is  absorbed. 
The  fundamental  concept  is  the  same  in  the  foregoing  discussion,  but  the  writer  has 
purposely  avoided  the  use  of  the  term  absorption  (in  fact,  throughout  the  paper), 
to  circumvent  certain  difficulties  which  would  complicate  the  presentation  materially. 

1'  A  knowledge  of  the  quality  of  radiation  is  necessary,  of  course,  in  order  to  inter- 
pret some  biological  effects  in  terms  of  the  ionization  loci. 
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EFFECTIVE  INTENSITY  OF  RADIATION 

We  have  seen  how  two  sources  of  monochromatic  radiation  of  widely 
different  quality  (ordinary  X-rays  and  gamma  rays),  which  deliver  the 
same  intensity  of  radiation  at  the  point  where  the  biological  material  is 
placed,  do  not  produce  the  same  ionization  in  the  material.  It  has  been 
explained  that  this  results  from  the  fact  that  the  more  penetrating  radia- 
tion passes  through  the  material  much  more  easily  and  leaves  behind 
very  little  energy  in  the  form  of  ionization.  Exactly  the  same  thing 
happens  in  the  ionization  chamber  (cf.  L.  S.  Taylor,  Paper  II)  of  a  meas- 
uring instrument.  The  ionization  produced  therein  represents  a  certain 
quantity  of  energy  which  was  derived  from  the  beam  of  radiation,  but  it 
tells  us  nothing  about  the  total  amount  of  radiant  energy  which  was 
flowing  through  the  chamber  at  the  time  of  the  measurement.  In  other 
words,  the  reading  of  the  instrument  per  se  gives  us  no  indication  of  the 
intensity  of  the  radiation.  Nevertheless,  in  the  art  this  is  what  is  meant 
by  the  intensity  of  a  beam  of  X-rays.  In  order  to  avoid  confusion  we 
shall  refer  to  it  here  as  the  effective  intensity.  The  distinction  between 
the  two  must  be  kept  clearly  in  mind.  To  reiterate,  the  true  intensity 
of  radiation  at  a  given  point  in  the  beam  represents  the  amount  of  radiant 
energy  passing  through  a  surface  of  unit  area  perpendicular  to  the  direc- 
tion of  travel  of  the  photons  at  the  point  in  question  per  unit  time.  On 
the  other  hand,  the  effective  intensity  of  radiation  at  a  given  point  in  the 
beam  represents  that  part  of  the  radiant  energy  passing  through  1  cm.' 
of  air  in  the  ionization  chamber  per  unit  time  which  is  required  to  pro- 
duce the  observed  number  of  ion  pairs  per  cubic  centimeter  of  air  per 
unit  time  at  the  point  in  question.  We  have  called  this  the  "effective" 
intensity  because  it  is  the  attribute  of  a  beam  of  radiation  which  deter- 
mines the  degree  of  ionization  (that  is,  the  number  of  ion  pairs  per  cubic 
centimeter  per  second)  produced  in  air.  In  view  of  the  similarity  between 
the  atomic  numbers  of  the  principal  components  of  air  and  living  tissues, 
this  is  also  the  attribute  of  a  beam  of  radiation  which  is  of  chief  interest 
to  us.  Accordingly  in  practice  we  need  not  concern  ourselves  with  the 
true  intensity  of  radiation.  For  this  reason  and  the  fact  that  ionization 
measurements  always  determine  something  more  or  less  closely  related 
to  the  effective  intensity,  it  is  customary  to  refer  to  it  simply  as  the 
"intensity."  This  would  cause  no  trouble  if  its  significance  were  always 
borne  in  mind.  Unfortunately,  however,  the  two  meanings  of  the  term 
are  often  confused.  Perhaps  a  simple  analogy  in  the  realm  of  visible 
light,  with  which  we  are  more  familiar,  will  serve  to  clarify  our  ideas. 
We  may  think  of  the  intensity  of  light  as  the  factor  which  determines 
how  easily  we  can  read  a  printed  page.  Projecting  on  the  paper,  suc- 
cessively, lights  of  different  colors  ranging  from  red  to  violet,  we  may  find 
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that  we  can  read  most  easily  with  the  yellow  light.  We  would  then 
conclude  that  this  light  has  the  greatest  intensity.  Let  us  now  photo- 
graph the  printed  page  when  illuminated  by  the  different  colored  lights 
under  the  same  conditions  as  before,  using  the  same  exposure  time. 
Upon  development  the  plate  exposed  to  the  red  light  would  show  hardly 
any  effect,  whereas  that  exposed  to  the  violet  light  might  be  completely 
fogged.  According  to  this  criterion  the  light  of  highest  intensity  would 
be  the  violet  one.  Measuring  the  true  intensity  of  radiation  of  each 
light  by  substituting  a  suitable  thermopile  for  the  printed  page,  we  may 
find  that  it  is  the  same  for  all  the  colored  lights.  In  the  case  of  the  visual 
observation  we  determined  the  effective  intensity  of  the  light  by  its 
physiological  action  on  the  retina.  With  the  photographic  test  the 
effective  intensity  was  determined  according  to  the  ability  of  the  radiation 
to  produce  a  change  in  the  emulsion.  The  two  values  of  the  effective 
intensity  thus  determined  for  each  of  the  colored  lights,  differ  between 
themselves  and  are  both  different  from  the  true  intensity  of  the  light. 
Furthermore,  it  is  obvious  that  the  results  depend  also  on  the  eye  {i.e., 
whether  color  blind  or  not)  and  on  the  kind  of  photographic  plate  used. 

SIGNIFICANCE  OF  IONIZATION  MEASUREMENTS 

The  fact  that  in  the  foregoing  example  the  effective  intensity  is  found 
to  depend  on  the  effect  and  "apparatus"  by  which  it  is  measured  serves 
to  bring  out  another  important  point  in  ionization  measurements.  The 
effect  by  which  we  have  chosen  to  measure  X-rays  is  ionization.  As 
ionizable  medium  we  have  adopted  atmospheric  air  primarily  because 
its  constituent  elements  do  not  differ  materially  in  atomic  number  from 
those  of  living  matter  which  are  chiefly  responsible  for  the  ionization. 
But  we  have  said  nothing  about  the  apparatus  to  be  used.  Since  we  are 
interested  in  the  determination  of  the  number  of  ion  pairs  produced  per 
second  in  a  definite  mass  of  air  by  its  interaction  with  the  radiation  at  a 
given  point  in  a  beam,  it  is  evident  that  we  must  know  the  volume  (also 
the  temperature  and  pressure)  of  the  air  in  which  the  measured  ionization 
is  produced.  This  may  be  done  by  means  of  a  closed  ionization  chamber, 
in  which  case  the  volume  is  that  of  the  chamber,  or  by  means  of  an  open 
ionization  chamber  of  the  standard  type  (cf.  L.  S.  Taylor)  in  which  the 
ionized  volume  is  determined  indirectly.  In  the  case  of  a  closed  chamber 
it  is  obvious  that  the  radiation  cannot  reach  the  air  therein  without  first 
traversing  the  enclosing  structure.  In  so  doing,  it  reacts  with  the  mate- 
rial of  the  enclosure  and  produces  secondary  electrons  and  photons. 
Some  of  these  reach  the  air  in  the  chamber  and  produce  ions.  Conse- 
quently, the  ionization  which  is  measured  in  the  enclosed  air  is  made  up  of 
two  parts:  one  which  is  due  to  the  interaction  of  the  radiation  with  the 
air  in  the  chamber,  and  the  other  which  is  derived  from  the  interaction 


112  BIOLOGICAL  EFFECTS  OF  RADIATION 

of  the  radiation  with  the  matter  in  the  enclosure.  Remembering  that  a 
secondary  electron  spends  its  energy  in  a  relatively  short  distance  (the 
ionization  locus)  by  ionizing  the  atoms  in  its  path,  it  is  evident  that  those 
secondary  electrons  which  are  produced  in  the  walls  of  the  chamber  and 
then  reach  the  enclosed  air  will  contribute  materially  to  the  ionization 
of  the  air.  The  same  thing  applies  to  the  secondary  electrons  produced 
by  the  interaction  of  photons  and  the  air  itself.  On  the  other  hand, 
most  of  the  secondary  photons  produced  in  the  walls — or  in  the  air — 
contribute  relatively  little  to  the  ionization  which  is  being  measured. 
It  is  clear,  therefore,  that  such  a  chamber  does  not  measure,  in  general, 
the  ionization  which  would  be  produced  by  the  radiation  in  the  same 
volume  of  air  if  the  material  walls  of  the  chamber  were  not  present. 
From  what  has  been  said  so  far,  it  might  be  inferred  that  (on  account 
of  the  contribution  of  secondary  electrons  by  the  walls)  the  ionization  in 
the  chamber  is  greater  than  it  would  be  in  free  air.  This,  however,  is  not 
necessarily  so  for  reasons  which  will  be  apparent  presently. 

The  relative  proportions  of  secondary  electrons  ionizing  the  air  which 
originate  in  the  walls,  and  those  which  originate  in  the  air  itself,  depend 
on  the  geometrical  factors  of  the  chamber  and  the  quality  of  the  radiation. 
(That  the  atomic  composition  of  the  materials  of  which  the  chamber  is 
made  must  play  an  important  part  is  obvious.  In  our  discussion  we  are 
considering  only  ionization  chambers  which  are  made  of  organic  materials 
or  such  combinations  of  organic  materials  as  will  approximate  the  atomic 
composition  of  air  or  living  tissues.)  When  the  radiation  is  soft,  the 
secondary  electrons  carry  little  energy  and  the  ionization  loci  are  very 
short.  Hence  only  those  electrons  which  are  liberated  at  or  very  near 
the  inner  surface  of  the  chamber  walls  reach  the  air  within  it.  In 
traversing  this  thickness  of  matter,  the  (soft)  radiation  loses  considerable 
energy  and  its  intensity  within  the  chamber  is  therefore  much  less  than 
it  would  be  at  the  same  point  in  the  beam  if  the  chamber  walls  were  not 
present.  The  secondary  electrons  liberated  in  the  air  by  this  weaker 
radiation  will  be  fewer  than  otherwise  and  hence  the  total  ionization 
produced  in  the  air  of  the  chamber  may  be  too  small  in  spite  of  the  con- 
tribution made  by  the  wall  electrons.  When  the  radiation  is  hard,  the 
situation  may  be  reversed  and  the  measured  ionization  may  be  too  high. 
However,  this  is  not  so  likely  to  happen,  for  a  reason  which  deserves 
special  attention. 

X-rays  of  the  hardness  commonly  employed  in  practice  {i.e.,  X-rays 
produced  at  200  kv.  peak  and  filtered  by  0.5  mm.  Cu)  in  their  passage 
through  atmospheric  air,  liberate  secondary  electrons  which  may  travel 
several  or  even  many  centimeters  before  their  energy  is  all  utilized  in 
producing  ions.  Whether  liberated  by  photoelectric  or  Compton  encoun- 
ters, the  electrons  which  travel  farthest  are  emitted  initially  in  the  same 
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general  direction  followed  by  the  primary  photons.  In  their  subsequent 
motion  through  the  air  some  of  these  fast  electrons  are  deviated  and  may 
travel  eventually  in  the  opposite  direction.  There  are  also  Compton 
electrons  (of  lower  speed)  which  are  emitted  more  or  less  sideways  with 
respect  to  the  line  of  motion  of  the  primary  photons.  Accordingly,  one 
may  picture  a  beam  of  hard  X-rays  passing  through  air  as  being  accom- 
panied by  a  swarm  of  electrons  darting  in  all  directions,  in  a  region  which 
extends  beyond  the  confines  of  the  beam  itself.  It  should  be  remem- 
bered, of  course,  that  at  any  one  time  there  are  more  electrons  traveling 
forward  than  backward  and  that  the  former  carry  most  of  the  energy  which 
subsequently  appears  as  ionization.  By  analogy  with  the  case  of  second- 
ary photons  previously  discussed,  it  is  evident  that  after  the  radiation 
has  traversed  a  certain  thickness  of  air,  a  sort  of  equilibrium  has  been 
established  between  the  primary  photons  and  the  secondary  electrons. 
This  thickness  depends  on  the  quality  of  the  radiation  and  is  greater  the 
harder  the  radiation.  The  actual  value  is  rather  difficult  to  determine 
in  the  case  of  very  hard  X-rays  and  gamma  rays.  Obviously,  it  must  be 
closely  related  to  the  path  of  the  secondary  electrons,  but  this  is  so  long 
for  some  of  them  that  in  the  same  thickness  of  air  the  secondary  photons 
will  also  liberate  an  appreciable  proportion  of  electrons.  One  must  then 
take  into  account  also  the  equilibrium  between  primary  and  secondary 
photons  and  between  the  latter  and  their  secondary  electrons.  To  make 
the  picture  more  concrete  let  us  suppose  that  we  can  take  an  instantaneous 
photograph  of  the  photons  and  high-speed  electrons  in  a  beam  of  radia- 
tion passing  through  air.  In  1  cm.^  of  air  we  would  then  find  a  certain 
number  of:  (a)  primary  photons,  (6)  secondary  photons,  and  (c)  beta 
particles.  ^^  The  number  of  primary  photons  per  cubic  centimeter  (in 
the  picture)  decreases  with  the  distance  from  the  source,  due  to  the 
inverse  square  law,  as  already  explained.  Therefore  it  is  necessary  to 
consider  the  relative  numbers  of  the  three  energy  carriers  in  1  cm.'  at 
different  distances  from  the  source.  Let  us  assume  that  (by  means  of  a 
strong  magnetic  field)  all  electrons  have  been  eliminated  at  a  certain 
cross  section  of  the  beam.  At  this  point,  then,  our  photograph  will  show 
only  photons  in  the  cubic  centimeter  of  air,  and  for  simplicity  we  shall 
assume  that  they  are  primary  photons.  A  short  distance  beyond  this 
cross  section,  there  will  be  in  the  cubic  centimeter  of  air  in  addition  to 
photons,  some  beta  particles,  but  their  number  is  small  in  comparison 
with  the  number  of  photons.  From  this  point  on  the  number  of  beta 
particles  per  primary  photon  increases  with  the  distance,  rapidly  at  first 
and  then  slowly.     The  number  of  secondary  photons  per  primary  photon 

1*  This  term  is  used  here  instead  of  "secondary  electrons"  because  some  of  the 
high-speed  electrons  are  produced  by  secondary  photons  and  might  therefore  be 
considered  to  be  "tertiary  electrons." 
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increases  also,  but  more  gradually.  Since  in  the  cubic  centimeter  of  air 
under  scrutiny  there  are  also  ions  which  have  been  produced  by  the  beta 
particles,  we  may  extend  the  comparison  to  them.  The  number  present 
per  primary  photon  increases  also  with  the  distance  in  much  the  same 
way  as  that  of  the  beta  particles,  except  that  at  the  greater  distances  the 
increase  is  still  less  marked.  This  is  because  on  the  average  the  beta 
particles  there  have  less  energy,  since  some  of  them  have  been  produced 
by  secondary  photons.  In  the  case  of  the  gamma  rays  of  radium  this 
problem  has  been  investigated  experimentally  in  the  writer's  laboratory 
with  the  following  results:  Starting  with  radium  filtered  by  2  mm.  of 
brass  and  4  mm.  of  bakelite,  the  number  of  ions  produced  per  second  per 
centimeter  of  atmospheric  air  increases  rapidly  with  the  distance  from 
the  source  up  to  about  100  cm.  At  this  point  it  is  approximately  60  per 
cent  higher  than  very  near  the  source.  Beyond  the  100-cm.  distance 
the  increase  is  less  rapid.  Nevertheless,  at  a  distance  of  900  cm.  (the 
maximum  used  in  the  experiments)  the  value  is  more  than  twice  that 
obtained  very  near  the  source,  and  the  curve  indicates  a  further  increase 
beyond  this  distance.  Since  there  is  no  very  sharp  break  in  the  curve, 
it  is  impossible  to  say  just  what  thickness  of  air  is  necessary  to  bring  about 
equilibrium  between  the  primary  photons  and  the  secondary  beta  rays. 
For  practical  purposes  300  cm.  probably  suffice.  The  above  results 
indicate  that  most  of  the  secondary  electrons  produced  by  gamma  rays 
are  unable  to  emerge  beyond  a  100-cm.  layer  of  atmospheric  air  around 
the  source.  However,  the  actual  distance  covered  by  the  beta  particle 
in  its  zigzag  path  may  be  much  greater  then  this.  An  appreciable  pro- 
portion of  the  secondary  electrons  have  enough  energy  to  carry  them 
beyond  the  2-,  and  even  3-meter  layers  of  air. 

In  view  of  the  foregoing  considerations  it  is  evident  that  the  ionization 
produced  in  a  small  volume  of  air  at  a  given  point  in  a  beam  of  (hard) 
X-rays  is  due  partly  to  the  secondary  electrons  which  are  liberated  there, 
and  partly  to  electrons  which  have  been  liberated  elsewhere  and  subse- 
quently reach  the  volume.  If  this  ^'olume  with  imaginary  boundaries 
is  now  surrounded  by  walls  of  dense  matter,  such  as  the  solid  material 
of  which  ionization  chambers  are  made,  it  is  to  be  expected  that  in  general 
the  ionization  in  it  will  not  be  the  same  as  before.  Most,  if  not  all,  of  the 
secondary  electrons  liberated  in  the  surrounding  air,  which  before  reached 
the  volume  under  consideration,  are  now  stopped  by  the  chamber  walls. 
On  the  other  hand,  other  secondary  electrons  set  free  in  the  material  of 
the  chamber,  contribute  to  the  ionization  of  the  air  within.  Under 
certain  conditions  the  loss  and  gain  through  the  presence  of  the  walls 
may  balance.  In  this  case,  the  chamber  measures  the  actual  ionization 
which  would  be  produced  in  the  same  volume  of  free  air.  Such  a  chamber 
may  be  said  to  have  no  "wall  effect."     But,  it  is  very  important  to  note 
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that  this  can  be  strictly  true  only  for  one  definite  set  of  conditions.  In 
particular  when  the  quality  of  radiation  is  varied,  the  balance  of  loss  and 
gain  of  ionization  by  the  presence  of  the  wall  may  be  upset  considerably. 
By  a  suitable  adjustment  of  materials,  wall  thickness,  and  volume,  closed 
ionization  chambers  have  been  constructed  which  are  remarkably  free 
from  wall  effect  in  the  range  of  wave-lengths  commonly  employed  in 
practice.  The  error  introduced  by  the  wall  effect  on  the  long-wave  side 
may  be  ascertained  by  comparison  with  a  standard  ionization  chamber 
(cf.  L.  S.  Taylor,  Paper  II).  On  the  short-wave  side,  approaching  the 
gamma-ray  region,  this  comparison  cannot  be  made,  for  reasons  which 
cannot  be  given  in  detail  here.^^ 

KNOWLEDGE  OF  IONIZATION   PRODUCED   IN  IRRADIATED   ORGANISM 

ALL  IMPORTANT 

The  point  which  is  of  chief  interest  to  the  biologist  is  this :  Placing  a 
living  organism  at  a  certain  point  m  a  beam  of  radiation  (X-rays  or 
gamma  rays),  he  wants  to  know  the  number  of  ions'"  liberated  per  second 
per  cubic  centimeter  at  every  point  of  the  material.  Knowing  the  dura- 
tion of  the  irradiation  (exposure  time),  he  can  calculate  the  total  number 
of  ions  produced  per  cubic  centimeter  at  any  point  of  the  material  during 
the  treatment.  Then  he  has  something  which  he  can  reasonably  call 
the  "cause"  and  can  relate  it  to  the  observed  "effect."  Now  granting 
that  this  is  the  desideratum,  it  follows  that  the  biologist  is  not  particu- 
larly interested  in  the  ionization  produced  in  the  atmosphere  at  a  point 
where  he  expects  to  place  his  material,  unless  he  can  deduce  therefrom 
the  ionization  which  is  subsequently  produced  in  the  biological  object. 
It  has  been  shown  how  placing  an  ionization  chamber  with  solid  walls  in 
a  beam  of  radiation  in  general  disturbs  the  ionization  in  the  air  at  that 
point.  Since  it  is  assumed  that  the  chamber  is  made  of  organic  materials, 
whose  atoms  react  individually  with  the  radiation  in  the  same  way  as  the 
atoms  of  air  (or  living  tissue),  the  disturbance  is  due  to  the  greater  con- 
centration of  atoms  in  the  chamber  materials.  Or,  to  be  more  specific, 
it  is  due  to  the  introduction  of  solid  materials.     Obviously  the  living 

*^  The  results  of  the  author's  work  on  this  subject  were  presented  recently  at  the 
Fourth  International  Congress  of  Radiology,  held  in  Zurich.  They  will  be  published 
in  the  near  future  in  "Acta  Radiologica"  (Stockholm). 

2"  The  biologist  should  note  that  the  number  of  ions  of  both  polarities  is  the  con- 
trolling factor  in  his  case.  Physicists  are  primarily  interested  in  ion  pairs,  and  in 
general  when  they  speak  of  a  "certain  number  of  ions"  produced  in  an  ionization 
chamber,  for  instance,  they  mean  actually  the  number  of  ion  pairs.  This  is  rather 
confusing  at  times,  and  the  biologist  who  makes  use  of  such  data  given  in  textbooks 
on  physics  should  ascertain  whether  the  numbers  refer  to  single  ions  or  ion  pairs. 
In  this  paper  both  terms  have  been  used,  but — it  is  hoped — without  introducing 
any  uncertainty. 
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organism,  having  a  density  about  800  times  greater  than  that  of  atmos- 
pheric air,  will  also  disturb  the  ionization  at  the  point  where  it  is  placed. 
However,  the  disturbance  in  this  case  must  be  considered  from  the  point 
of  view  of  the  ionization  produced  in  the  solid  material  itself.  As  in  the 
case  of  the  closed  ionization  chamber,  it  will  be  seen  by  analogous  reason- 
ing that,  under  certain  conditions,  compensation  may  occur,  whereby 
the  number  of  ions  liberated  per  second  per  cubic  centimeter  of  the  bio- 
logical object  is  higher  than  the  number  of  ions  Hberated  per  second  per 
cubic  centimeter  of  atmospheric  air  at  the  same  point,  in  the  ratio  of  the 
densities  of  the  two  materials.  That  is,  the  ionization  per  cubic  centi- 
meter of  tissue  will  be  roughly  800  times  greater  than  that  per  cubic 
centimeter  of  atmospheric  air  at  the  same  point.  As  one  might  expect, 
the  compensation  or  balance  just  spoken  of  depends  on  the  quaUty  of 
the  radiation  and  on  the  size  of  the  biological  object  (including  container, 
holder,  etc.)  placed  in  the  beam.  For  very  small  objects  it  obtains 
reasonably  well  in  the  usual  range  of  wave-lengths  employed  in  practice. 
In  such  cases  it  is  sufficient  to  measure  the  ionization  in  air  in  order  to 
deduce  that  in  the  tissues.  This  can  be  done  for  the  usual  qualities  of 
X-rays  by  means  of  either  a  standard  chamber  or  a  properly  calibrated 
"air-wall"  chamber.  When  this  procedure  is  not  justified,  the  problem 
of  determining,  or  even  estimating,  tissue  ionization  becomes  more 
involved.  Realizing  that  the  principal  comphcations  arise  from  the 
great  difference  in  density  between  living  tissue  and  atmospheric  air, 
one  might  attempt  to  solve  the  problem  by  measuring  the  ionization  in 
an  organic  material  of  density  comparable  with  that  of  living  matter. 
All  efforts  made  in  this  direction  so  far  have  not  been  successful,  but  the 
work  should  be  continued.  For  the  present,  however,  being  hmited  to 
measurements  made  in  (gaseous)  air,  great  care  should  be  exercised  in 
planning  biological  experiments,  to  make  sure  that  the  conditions  under 
which  the  living  organism  is  irradiated,  permit  a  reasonably  close  estimate 
of  the  ionization  produced  therein. 

The  selection  of  the  proper  conditions  of  irradiation  depends  on  many 
factors  and  no  general  rules  can  be  given  here.  The  following  suggestions 
will  be  found  helpful:  Experiments  may  be  undertaken  for  the  main 
purpose  of  describing  hitherto  unknown  effects  of  radiation.  These  are 
exploratory  experiments,  in  which  normally  no  attempt  is  made  to 
establish  quantitative  relationships.  In  such  cases  the  choice  of  experi- 
mental conditions  is  not  important.  However,  it  is  necessary  to  give 
sufficient  information  about  the  experimental  set-up  and  technique  to 
enable  someone  else  to  duplicate  the  results.  The  primary  factors, 
such  as  voltage,  milliamperes,  filter,  distance,  etc.,  stated  in  the  pre- 
ceding paper  (L.  S.  Taylor)  suffice  for  this  purpose.  If  all  these  factors 
are   carefully  determined   and   described,   they   are   sufficient,   also,   to 
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enable  the  investigator  or  others  to  make  a  rough  estimate  of  the  tissue 
ionization  (amount  and  distribution)  at  a  subsequent  time,  when  more 
information  may  be  available.  Strictly  quantitative  experiments  are 
more  exacting.  Since  it  is  simpler  to  insure  a  substantially  uniform 
distribution  of  radiation  within  the  material  than  to  determine  its  effec- 
tive intensity  from  point  to  point,  the  experiment  should  be  planned 
with  this  idea  in  mind.  A  given  object  is  irradiated  more  uniformly: 
(a)  the  longer  the  distance  from  the  source  at  which  it  is  placed  (this 
follows  from  the  inverse  square  law,  as  already  explained) ;  (6)  the  more 
penetrating  and  homogeneous  the  radiation  used;  (c)  the  smaller  the 
dimensions  of  the  object  to  be  irradiated,  particularly  the  thickness 
traversed  by  the  rays.  When  radium  is  employed  as  the  source  of  radi- 
ation, the  amount  available  is  usually  too  small  to  permit  its  use  at  long 
distances.  It  is  then  especially  important  to  use  a  thin  layer  of  the 
material  to  be  treated.  Better  distribution  of  radiation  may  be  obtained 
by  placing  the  test  object  between  two  equal  sources  suitably  placed. 
In  the  case  of  gamma  rays  one  may  obtain  a  fairly  close  estimate  of  the 
distribution  of  radiation  by  means  of  the  inverse  square  law  alone,  and 
from  that  decide  on  the  distance  at  which  the  material  should  be  placed. 
The  determination  of  the  ionization  produced  in  a  biological  material 
is,  in  general,  a  difficult  matter,  because  all  the  necessary  information  is 
not  readily  available.  The  biologist  should  exercise  great  care  in  so 
doing,  and  should  preferably  consult  a  physicist  who  is  familiar  with  the 
subject.  In  addition,  he  should  describe  the  process  by  which  the  tissue 
ionization  was  arrived  at  and  give  all  the  primary  factors  of  the  irradi- 
ation (voltage,  milliamperes,  distance,  etc.).  The  desirability — indeed 
the  necessity — of  stating  the  effective  intensity  of  radiation  at  the  beam 
cross  section  where  the  material  was  placed  is  obvious.  However,  it 
should  be  remembered  that  the  ionization  chamber  by  which  this  is 
measured,  may  influence  the  result  markedly.  In  this  connection  it  is 
advisable  to  state  the  type  of  instrument  used,  also  how,  by  whom,  and 
when  it  was  calibrated. 

EFFECTIVE  QUANTITY  OF  RADIATION 

This  brings  us  to  the  next  topic  to  be  discussed  here,  but  a  brief 
digression  is  necessary  to  introduce  the  subject  properly.  The  inter- 
national unit  of  X-radiation — the  roentgen — is  a  unit  of  "quantity"  of 
radiation.  Since  nothing  has  been  said  about  this  so  far,  some  explan- 
atory remarks  are  in  order.  The  distinction  between  true  and  effective 
intensity  of  radiation,  which  has  already  been  brought  out,  is  also 
involved  in  this  case.  A  source  which  emits  radiation  at  a  constant  rate 
delivers  energy  to  a  certain  point  in  space  at  a  constant  rate,  and  therefore 
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the  true  intensity  of  radiation  at  the  point  remains  constant  with  respect 
to  time.  The  energy  which  passes  through  1  cm.-  of  a  surface  per- 
pendicular to  the  hne  of  motion  of  the  photons  at  a  certain  point  in  a 
given  time  is  the  product  of  the  true  intensity  of  radiation  and  the  time. 
This  is  known  as  the  quantity  of  radiation.  It  should  be  noted  particu- 
larly that  by  this  definition  "quantity"  refers  only  to  1  cm.^  of  area 
(unit  area)  and  not  to  the  entire  cross  section  of  the  beam.  Analogously, 
the  product  of  effective  intensity  and  time  may  be  called  the  effective 
quantity  of  radiation.  It  represents  the  amount  of  energy  spent  by  the 
radiation  in  producing  ions  in  1  cm.^  of  atmospheric  air  at  a  given  point  in 
the  beam  in  a  given  time,  under  the  conditions  stipulated  by  the  definition 
of  the  roentgen  (page  62) .  Since  in  practice  one  is  dealing  almost  entirely 
with  effective  intensity  and  quantity,  the  adjective  is  omitted.  It  should 
always  be  borne  in  mind,  however,  that  the  two  terms  (intensity  and 
quantity)  have  this  special  meaning  in  radiology  and  that  certain  limita- 
tions are  imposed  thereby.  The  factor  which  is  expressed  in  roentgens 
is  the  (effective)  quantity  of  radiation.  By  the  mathematical  relation 
between  intensity  and  quantity  it  follows  that  (effective)  intensity  may  be 
expressed  in  roentgens  per  second  or  roentgens  per  minute. 

Now,  if  the  scale  of  a  measuring  instrument  is  graduated  in  roentgens, 
or  roentgens  per  minute,  its  calibration  must  be  made  under  the  condi- 
tions imposed  by  the  definition  of  the  unit.  In  instruments  with  closed 
ionization  chambers  this  is  done  usually  by  comparison  with  a  standard 
chamber  and  the  calibration  holds  for  a  more  or  less  restricted  range  of 
wave-lengths.  If  the  instrument  is  used  to  measure  radiation  outside  of 
this  quality  range,  the  readings  are  incorrect.  The  error  may  be  small 
or  large,  depending  on  circumstances.  Furthermore,  another  experi- 
menter using  a  different  ionization  chamber  is  apt  to  get  a  different  read- 
ing for  the  same  beam  of  radiation.  This  makes  it  difficult  for  others  to 
duplicate  the  results  of  the  first  experimenter. 

In  radiology  it  is  often  the  practice  to  place  a  small  ionization  chamber 
on  the  skin  of  the  patient,  with  the  idea  of  including  in  the  measurement 
the  back-scattered  radiation.  If  the  biologist  must  irradiate  a  test  object 
of  large  dimensions,  it  is  preferable  to  make  the  ionization  measurement 
in  air  at  the  cross  section  of  the  beam  where  the  surface  of  the  material 
will  be,  and  to  state  this  factor  in  the  report.  On  account  of  the  marked 
heterogeneity  of  the  back-scattered  radiation,  the  wall  effect  of  the 
chamber  is  apt  to  be  larger  in  this  case  than  for  the  primary  beam  of 
radiation.  Also  the  geometrical  relation  of  the  chamber  on  the  surface 
of  the  material  will  determine  to  a  considerable  extent  what  proportion 
of  the  back-scattered  radiation  is  included  in  the  measurement.  Accord- 
ingly, the  uncertainty  in  such  measurements  is  apt  to  be  greater  than  in 
those  made  without  the  back-scattered  radiation. 
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The  fact  that  the  roentgen  is  a  unit  of  quantity  of  radiation — albeit 
in  a  restricted  sense — has  tended  to  emphasize  unduly  this  factor.  One 
often  finds  the  statement  that  the  quantity  of  radiation  (usually  referred 
to  as  the  dose)  administered  to  a  certain  patient  or  organism  was  so 
many  roentgens,  omitting  any  reference  to  the  duration  of  the  treatment. 
The  same  quantity  of  radiation  may  be  administered,  of  course,  in  a  short 
or  long  time,  and  the  biological  effect  in  general  is  not  independent  of  the 
duration  of  the  irradiation.  For  this  reason  it  is  necessary  to  state  also 
the  time  during  which  a  certain  quantity  of  radiation  was  delivered  to  the 
test  object.  From  this  point  of  view  it  is  preferable  to  think  of  (effective) 
intensity  of  radiation,  expressed  in  roentgens  per  minute,  as  the  prime 
factor.  Then  a  treatment  may  be  said  to  have  been  given  by  using  an 
intensity  of  radiation  of  so  many  roentgens  per  min.  for  a  certain  number 
of  minutes.  By  this  notation  less  confusion  is  apt  to  occur  also  in  another 
sense.  Quantity  of  radiation  as  defined  here  refers  only  to  1  cm.^  of  the 
beam  cross  section  (or  1  cm.^  of  air  according  to  the  definition  of  the 
roentgen^i).  Therefore,  the  quantity  of  radiation  expressed  in  roentgens 
in  the  specification  of  a  radiation  treatment  does  not  represent  the  total 
quantity  of  radiation  falling  on  the  entire  object,  but  the  quantity 
delivered  per  square  centimeter.  This  restriction  is  visualized  more 
readily  when  one  speaks  of  the  exposure  of  a  living  organism  to  a  certain 
intensity  of  radiation  for  a  certain  length  of  time. 

In  view  of  the  numerous  restrictions  and  qualifications  which  must  be 
borne  in  mind  when  the  foregoing  terminology  is  employed,  it  is  not 
surprising  that  considerable  confusion  has  resulted  therefrom.  In  this 
paper  the  factor  w^hich  has  been  emphasized  most  strongly  is  the 
ionization  in  the  biological  material  itself,  since,  so  far  as  we  know  at 
present,  this  is  the  primary  factor  which  controls,  directly  or  indirectly, 

21  The  effective  intensity  of  radiation  at  a  certain  point  in  a  beam  need  not  be,  and 
in  general  is  not,  determined  by  measuring  the  rate  of  ion  production  in  exactly 
1  cm.^  of  air.  The  question  then  arises  as  to  whether  the  same  result  is  obtained 
irrespective  of  the  shape  and  size  of  the  volume  in  which  the  ionization  is  measured. 
In  the  case  of  the  standard  chamber  (cf.  L.  S.  Taylor)  this  is  very  nearly  so,  provided 
the  radiation  is  so  penetrating  that  the  decrease  of  intensity  due  to  the  thickness  of 
air  traversed  in  the  volume  is  negligible,  and  the  intensity  throughout  the  cross  section 
of  the  beam  which  is  utiUzed  is  practically  constant.  In  the  case  of  the  closed  chamber, 
the  thickness,  at  least,  of  the  air  volume  should  be  small  in  comparison  to  the  distance 
from  the  source  at  which  the  measurement  is  made,  in  order  to  avoid  too  great  a  differ- 
ence between  the  intensity  of  radiation  at  the  point  of  incidence  and  that  at  the  point 
of  emergence.  To  minimize  further  errors  due  to  the  variation  of  intensity  with 
distance,  the  small  ionization  chamber  should  be  placed  with  its  center  at  the  point 
for  which  the  measurement  is  desired.  (It  might  be  mentioned  that  the  effective 
center  of  an  ionization  chamber  is  not  its  geometrical  center.  However,  the  factors 
which  determine  the  effective  center  are  so  complex  that  the  only  practical  thing 
to  do  is  to  use  its  geometrical  center  for  this  purpose.) 
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all  subsequent  effects.  A  complete  specification  of  the  ionization  in  the 
biological  material  is  essential  for  the  proper  interpretation  of  the  bio- 
logical effects  produced  by  radiation.  One  must  know,  therefore,  for 
every  point  of  the  material,  (a)  the  number  of  ions  produced  per  second 
per  gram,  or,  if  preferred,  per  cubic  centimeter;  (6)  the  characteristics 
of  the  ionization  loci,  especially  as  regards  the  relative  proportions  of  loci 
of  the  different  lengths  present,  and  the  linear  distribution  of  ions  therein. 
Since  these  data  cannot  be  determined  by  direct  measurements,  they 
must  be  obtained  by  indirect  means.  The  similarity  of  the  interaction 
between  radiation  and  organic  matter  on  the  one  hand,  and  air  on  the 
other,  furnishes  the  basis  for  the  indirect  method  of  attack  which  has  been 
found  most  practical  so  far.  By  virtue  of  this  similarity  the  ionization 
(factors  a  and  h,  above)  in  living  tissue  and  air  produced  by  radiation 
under  comparable  conditions  is  substantially  the  same.  Strictly  speak- 
ing, the  conditions  are  not  comparable  unless  the  mass  concentration, 
that  is,  the  density,  of  the  air  is  at  least  approximately  the  same  as  that  of 
living  matter.  22  Since  it  has  not  been  found  practical  to  measure  ioniza- 
tion in  such  a  dense  medium,  one  is  forced  to  the  use  of  atmospheric  air. 
The  density  of  this  medium  being  about  ^^ooth  of  that  of  living  tissues, 
many  difficulties  arise.  Bearing  in  mind  that  the  ultimate  aim  of 
ionization  measurements  in  air  is  to  make  possible  the  determination  or 
estimation  of  the  ionization  in  the  living  organism,  the  experimental 
conditions  must  be  such  as  will  introduce  the  least  uncertainty  in  the 
final  result  {i.e.,  tissue  ionization).  The  conditions  stipulated  in  the 
definition  of  the  international  roentgen  fulfil  this  requirement  in  a  limited 
range  of  wave-lengths  and  for  small  irradiated  objects,  with  satisfactory 
accuracy.  It  can  be  demonstrated,  however,  that  in  the  gamma-ray 
region,  the  conditions  imposed  by  this  definition  not  only  cannot  be 
fulfilled  in  practice,  but  in  addition  are  not  in  general  those  which  will 
permit  the  evaluation  of  the  ionization  in  the  living  material  in  the 
simplest  way.^^     In  this  case  still  greater  care  must  be  exercised. 

In  view  of  the  inherent  difficulties  of  the  subject,  and  the  restricted 
sense  in  which  some  technical  terms  are  used,  the  biologist  is  urged  to 
concentrate  his  attention  on  the  ionization  produced  in  the  biological 
material  under  the  conditions  of  his  experiments.  He  will  do  well,  for 
instance,  to  think  of  a  "dose"  or  quantity  of  radiation  in  terms  of  the 
number  of  ions  per  unit  volume  which  it  produces  in  the  material  under 

22  This  condition  would  be  met  by  liquid  air,  if  the  ionization  could  be  measured  in 
it. 

23  A  detailed  discussion  of  this  problem  will  be  found  in  the  author's  article  already- 
referred  to,  which  will  be  published  in  Acta  Radiologica.  It  may  be  stated  here, 
however,  that  the  chief  difficulty  is  due  to  the  long  range  and  tortuous  path  of  the 
secondary  beta  particles. 
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consideration, 2^  and  of  the  quality  of  radiation  as  the  factor  which  deter- 
mines the  number  and  relative  lengths  of  the  ionization  loci.  In  many 
instances  one  needs  only  the  relative  values  of  these  data,  while  in  others 
absolute  values  are  required.  Unfortunately,  this  field  of  investigation 
has  received  very  little  attention  heretofore,  from  the  point  of  view 
presented  here.  The  biologist,  therefore,  will  have  considerable  difficulty 
in  finding  the  necessary  data  in  the  desired  form.  However,  the  effort 
will  be  amply  repaid  not  only  by  the  result  but  by  the  grasp  of  the 
fundamental  principles  of  the  subject  which  will  be  acquired  through 
such  a  search. 
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INTRODUCTION 

In  the  first  paper,  the  duahty  of  our  conception  of  radiation  and 
matter  has  been  indicated.  The  fact  that  both  matter  and  radiation 
behave  on  the  one  hand  as  though  made  up  of  particles  and  on  the  other 
hand  as  though  conditioned  by  wave  motion  seems  inescapable.  In 
dealing  with  the  problems  of  measurement,  we  are  chiefly  concerned 
with  the  propagation  of  radiation,  i.e.,  a  type  of  transfer  of  energy  from 
one  point  to  another.  Here  the  wave-motion  aspect  of  radiation  domi- 
nates our  picture.  In  considering  the  interaction  of  radiation  and  matter, 
we  must  resort  to  the  particle  conception.  This  conception  has  particu- 
lar applicability  to  the  problems  of  emission  and  absorption  of  radia- 
tion. Regarding  radiation  as  a  type  of  transfer  of  energy  from  one  point 
to  another,  we  recognize  two  essential  characteristics  to  be  measured- — 
quantity  and  quality.  In  the  absolute  measurement  of  quantity,  we 
shall  base  our  observations  upon  the  fundamental  unit  of  the  c.g.s.  system, 
the  erg,  or  some  convenient  multiple  of  that  unit.  In  the  evaluation  of 
quality,  we  shall  appeal  to  our  wave  picture  and  base  our  measurements 
upon  wave-lengths,  the  units  being  a  convenient  submultiple  of  the 
centimeter,  either  the  Angstrom  (10~^  cm.),  the  millimicron  (10"^  cm.), 
or  the  micron  (10"'*  cm.),  depending  upon  the  magnitude  of  the  wave- 
length to  be  dealt  with. 

Since  the  velocity  of  wave  propagation  is  constant  for  free  space, 
the  relation  of  wave-length  to  frequency  is  given  by  the  simple  relation 
Xv  =  C,    where    C  =  2.998  X  10.^"     In    propagation    through    matter, 
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the  velocity  is  reduced,  the  wave-length  modified,  but  the  frequency 
remains  unchanged.  Furthermore,  in  absorption  and  emission — 
phenomena  of  interaction  between  radiation  and  matter — the  relations 
are  most  readily  expressed  in  terms  of  frequency.  These  observations 
constitute  a  strong  argument  in  favor  of  expressing  our  data  in  terms  of 
frequency.  Nevertheless,  because  of  established  usage,  the  preponderant 
amount  of  existing  data  is  to  be  found  in  terms  of  wave-length,  the  wave- 
lengths being  evaluated  for  either  free  space  or  air.  For  our  purpose  the 
difference  is  not  significant.  While,  for  convenience,  we  shall  follow  the 
established  usage  of  speaking  in  terms  of  wave-length,  immediate  conver- 
sion to  frequency  may  always  be  made  and  will  sometimes  be  desirable. 

ELECTROMAGNETIC    SPECTRUM 

While  most  of  our  conceptions  are  based  upon  those  observations  of 
which  we  are  cognizant  through  our  physiological  senses,  experimenta- 
tion in  recent  years  has  shown  that  this  visible  range  of  wave-lengths 
constitutes  an  extremely  small  portion  of  the  great  electromagnetic 
spectrum  for  which  we  have  data  through  physical  measurements. 
Different  ranges  of  wave-lengths  give  rise  to  such  markedly  different 
observable  effects  that  they  have  been  given  names  associated  with  the 
effects  produced.  Only  recently  have  the  fundamental  characteristics 
common  to  all  radiation  been  recognized  and  enabled  us  to  arrange  a 
fairly  complete  assignment  according  to  wave-length,  extending  from 
0.00002  or  0.00003  A  to  20,000  meters,  a  spread  of  19  orders  of  magnitude. 
Thus,  on  a  common  logarithmic  scale,  the  spectrum  covers  a  range  of 
almost  19  units.  This  is  shown,  together  with  a  number  of  related 
physical  quantities,  in  Fig.  1  (27).  Of  this  tremendous  range,  we  shall 
restrict  ourselves  in  this  section  to  a  single  order  of  magnitude,  namely, 
from  0.2  to  2.0  y.  (2000  to  20,000  A),  or  one  unit  on  the  logarithmic 
scale. 

In  biological  material,  water  plays  such  a  dominant  role  that  its 
characteristic  absorption  of  radiation  is  a  matter  of  great  importance. 
Its  rapid  increase  of  absorption  to  wave-lengths  shorter  than  0.2  ^i  and 
to  wave-lengths  longer  than  2.0  /i  sets  a  natural  limit  to  the  range  of  wave- 
lengths to  be  considered.  Thus,  the  range  of  wave-lengths  under  con- 
sideration represents  an  interval  of  relative  transparency  for  water. 
The  outstanding  characteristic  of  matter  with  respect  to  radiation  in  this 
region  is  that  of  high  selectivity,  that  is,  rapid  changes  of  absorption  with 
varying  wave-length.  It  is  from  this  selectivity  that  the  great  variety 
of  effects,  both  biological  and  physical,  arise.  At  the  same  time,  it  is 
this  very  selectivity  which  makes  the  problems  of  measurement  difficult 
and  which  has  led  to  a  considerable  degree  of  confusion. 
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Fig.  2. — Graphs  of  physical  and  biological  phenomena  in  the  visible  and  near  visible. 
Upper  section:  Absorption,     a,  Water,  ultra-violet,  visible,  and  infra-red.      Ordinates: 


Transmissive  exponents  k  in 


/   =h,e- 


(outside  left).     Thickness  transmitting  half 


intensity  in  centimeters  (inside  left).  Transmission  of  1  cm.  thickness  (right).  Abscissas: 
Wave-lengths  in  microns,  /Li  (bottom).  Wave  numbers,  waves  per  centimeter,  h.  Water, 
X-ray  (same  ordinates).  Wave-lengths  in  Angstroms  (instead  of  microns  as  indicated  at 
bottom),  c.  Ozone  (same  coordinates  as  in  o;  gas  at  standard  conditions).  Atmospheric 
transmission  is  equivalent  to  about  3  mm.  and  can  be  found  by  shifting  scale  (right)  up  by 
approximately  half  a  division. 

Middle  section:  Radiation.  Relative  emission  from  body  at  1,000°K.  (dull-red  thera- 
peutic lamp).  Relative  emission  from  body  at  3,000°K.  (high-temperature  tungsten 
lamp).     Relative  emission  from  sun.      Relative  emission  from  mercury  arc  in  quartz. 

Lower  section:  Biological  phenomena,  a.  Transmission  of  flesh  (^  cm.  thick)  in  per 
cent.  6,  Relative  visibility,  c.  Relative  phototropism.  d.  Vitamin  A.  Absorption  and 
vitamin   value   disappears  when  radiated,      e,    Ergosterol.      Absorption   disappears  under 
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In  forming  a  general  picture  of  the  wave-length  range  to  be  dealt 
with,  we  may  turn  to  Fig.  2  (11).  In  the  upper  section,  the  transmissive 
exponent  k  (cf.  i,  Table  5),  as  a  function  of  wave-length,  has  been  indicated 
by  the  full-line  curve  a.  Remembering  that  the  ordinates  are  on  a 
logarithmic  scale,  one  realizes  the  significance  of  the  rapid  and  violent 
changes  in  absorption  characteristics  in  proceeding  through  the  range 
of  wave-lengths  indicated.  Water  is  so  transparent  in  the  blue-green 
that  radiation  can  penetrate  through  several  hundred  meters.  On  the 
other  hand,  at  a  httle  less  than  0.2  n,  even  a  layer  of  0.25  mm.  of  water 
becomes  practically  opaque.  The  same  is  true  in  the  relatively  near 
infra-red  in  the  region  of  2.0  ix.  Contrast  these  abrupt  changes  with  the 
more  gradual  change  indicated  by  the  dotted  curve  h  for  the  region  from 
0.1  to  10  A  (reading  the  abscissas  as  Angstroms  instead  of  microns). 

Selectivity  is  also  to  be  found  in  the  radiation  emitted  by  many 
materials.  The  mercury  arc,  for  instance,  as  shown  in  the  middle  sec- 
tion, emits  radiation  covering  only  a  small  fraction  of  an  Angstrom 
in  spread,  at  each  of  a  multitude  of  isolated  wave-lengths.  A  solid  body, 
on  the  other  hand,  emits  energy  over  a  continuous  range  of  wave-lengths 
from  the  deep  infra-red  rising  to  a  maximum  and  then  falling  rapidly 
as  one  proceeds  to  shorter  wave-lengths.  The  wave-length  at  which  this 
maximum  occurs  depends  upon  the  temperature  of  the  source. 

Selectivity  is  again  to  be  found  in  the  interaction  of  biological  material 
with  radiation.  For  illustration,  a  number  of  such  effects  have  been 
graphically  indicated  in  the  lower  section.  Curve  a  shows  the  transmis- 
sion of  0.5  cm.  of  flesh;  curve  6,  the  response  of  the  eye,  in  arbitrary  units, 
to  equal  energy;  curve  c,  the  relative  phototropic  sensitivity  of  an  oat 
seedling:  curve  d,  the  relative  absorption  of  vitamin  A  to  wave-lengths 
destructive  to  its  biological  effectiveness;  curve  e,  the  absorption  of 
ergosterol,  at  least  a  portion  of  which  may  contribute  during  irradiation 
to  its  activation;  curve  /,  the  relative  erythemal  effectiveness.  Thus, 
we  see  that  for  each  biological  phenomenon  the  contribution  of  equal 
energy  but  different  wave-length  will  depend  in  cliaracteristic  manner 
upon  wave-length. 

Building  upon  the  concept  of  radiation  as  the  transfer  of  energy 
from  one  point  to  another  by  means  of  an  electromagnetic  wave  motion, 
our  problem  is  to  determine  the  amount  of  energy  transferred  and  the 
wave-lengths  associated  with  this  transfer.  Our  measurements  will 
be  based  entirely  upon  the  erg,  centimeter,  and  second,  all  other  units 

radiation,  which  produces  activation  yielding  therapeutic  value  of  vitamin  D.  /,  Relative 
erythemal  effectiveness,  zero  degree  (very  light).  For  extreme  erythema,  fourth  or  fifth 
degree,  the  relative  intensities  of  the  two  maxima  are  reversed. 

Long  wave  limit  of  lethal  effect  indicated  by  j  D.  Position  of  magnesium  line  in 
region  of  great  absorption  by  ergosterol  indicated  by  Mg  |  .  {For  hihHographij  of  this 
figure  see  Brackett,  11.) 
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being  derived  from  these,  simply  as  a  matter  of  convenience  in  expressing 
the  spatial  distribution  of  energy  transfer  and  in  dealing  with  different 
orders  of  magnitude.  Such  a  system  is  entirely  independent,  therefore, 
of  the  characteristics  of  vision  or  any  other  biological  response.  Other 
systems  are,  however,  in  common  use,  so  that  it  will  be  desirable  to  discuss 
them  briefly.  Since  our  concepts  are  largely  based  on  visual  impressions, 
and  since  for  many  purposes  observers  have  been  chiefly  concerned  with 
those  visual  impressions,  a  complete  system  of  measurement  has  sprung 
up,  which  is  dependent  upon  the  characteristics  of  the  visual  mechanism. 
In  an  effort  to  gain  a  universal  basis  for  such  measurement,  a  standard 
observer  has  been  defined.  Unfortunately,  however,  a  large  proportion 
of  the  published  measurements  depend  upon  the  characteristics  of  some 
particular  observer,  and  even  the  so-called  standard  observer  has  been 
redefined  a  number  of  times. 

SYSTEMS    OF    MEASUREMENT 

Three  parallel  types  of  measurement  have  sprung  up :  (a)  radiometry, 
(6)  spectrophotometry  (illumination),  (c)  colorimetry.  Each  has  devel- 
oped its  system  of  terminology,  its  units,  and  its  methods.  In  descrip- 
tion of  apparatus  and  specification  of  characteristics,  we  shall  find 
sometimes  one  system  and  sometimes  another.  Often  the  specifications 
are  inadequate  and  indeterminate.  It  is  important,  therefore,  to  recognize 
the  place  and  scope  of  each  system,  and  as  far  as  possible,  the  interrela- 
tion between  them,  wherever  a  definite  relation  exists. 

Radiometry  is  the  system  based  entirely  upon  the  objective  physical 
methods  and  specified  in  fundamental  c.g.s.  units.  It  will  be  the  basis 
of  our  discussion  throughout. 

Spectrophotometry  is  an  extension  of  photometry.  In  photometry, 
the  quantitative  aspect  of  radiation  is  evaluated  in  terms  of  its  effective- 
ness as  the  stimulus  of  vision.  A  standard  source  is  made  the  basis  of 
comparison.  The  starting  point  is  thus  wholly  arbitrary.  The  magni- 
tude of  effectiveness  of  other  sources  is  determined  by  visual  comparison. 
Obviously,  the  relative  effectiveness  of  different  sources  will  depend  upon 
the  relative  wave-length  distribution.  If  sources  differ  too  greatly  as 
to  color,  difficulties  are  encountered  in  evaluating  the  comparative 
effectiveness.  Spectrophotometry,  by  a  combination  of  visual  and 
physical  means,  compares  two  radiations  at  the  same  wave-length,  the 
eye  being  used  for  the  most  part  as  a  null  instrument. 

In  the  definition  of  a  standard  observer,  the  relative  effectiveness  of 
different  wave-lengths  is  arbitrarily  specified.  From  the  standpoint  of 
practicability,  it  is  desirable  that  this  standard  observer  approximate 
the  average  characteristics  of  a  large  number  of  observers,  but  from  the 
standpoint  of  definiteness  and  reproducibility,  this  is  of  no  consequence. 
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If  the  relative  effectiveness  for  the  standard  source  is  fixed  for  each  wave- 
length, the  only  necessary  demand  is  that  the  standard  source  be  con- 
stant and  reproducible.  Then  other  sources  can  be  evaluated  for  each 
wave-length  in  terms  of  the  standard  source,  and  the  total  contribution 
obtained  by  addition.  As  a  matter  of  practical  procedure,  however, 
appeal  is  made  to  the  absolute  system  of  radiation  measurements  and  the 
standard  observer  defined  as  to  his  relative  response  to  equal  energy  at 
each  wave-length.  At  once,  when  the  response  of  the  standard  observer 
is  defined  for  each  particular  wave-length  for  a  given  energy,  the  photo- 
metric system  presents  a  known  relationship  to  absolute  radiation  meas- 
urements. Thus,  so  long  as  radiation  occurs  in  the  range  of  visibility, 
conversion  may  be  made  from  one  system  to  another,  though  such  con- 
version may  be  tedious  and  inconvenient.  Unfortvmately,  however, 
common  procedure  is  made  dependent  upon  the  characteristics  of  the 
particular  observer.  Consequently,  discrepancies  may  arise  through 
his  departure  from  the  standard  observer. 

In  pure  research,  one  might  prefer  to  avoid  discussion  of  spectro- 
photometry. Practically,  this  is  not  possible  for  two  reasons :  (a)  Radio- 
metric apparatus  is  most  commonly  specified  in  spectrophotometric 
units.  (6)  Spectrophotometric  methods  may  be  the  most  readily 
available. 

Colorimetry,  the  third  system,  deals  not  only  with  intensity  as  it 
affects  the  eye,  but  also  with  wave-lengths  and  combinations  of  wave- 
lengths as  they  affect  the  eye.  Thus,  a  multiplicity  of  combinations  of 
wave-lengths  and  intensities  may  produce  an  identical  effect,  so  far  as 
the  observer  is  concerned.  Their  color  characteristics  are  therefore 
identical.  Thus,  the  system  of  colorimetry  deals  with  radiation  wholly 
from  the  standpoint  of  the  visual  observer.  It  is  concerned  with  the 
objective  characteristics  of  radiation  only  so  far  as  it  is  necessary  in  order 
to  understand  the  subjective  response.  No  detailed  discussion  of  this 
system  will  be  undertaken. 

In  the  first  chapter,  terms  which  have  arisen  in  connection  with  these 
three  systems  have  been  used  more  or  less  indiscriminately,  the  assump- 
tion being  that  at  all  times  our  attention  has  been  focused  on  the  purely 
objective  phenomena  and  that  measurements  would  be  made  in  a  purely 
physical  system.  If  we  could  avoid  a  discussion  of  photometry  and 
colorimetry,  no  further  distinctions  would  be  necessary.  Since,  however, 
in  practical  procedure,  it  is  not  possible  to  follow  this  simple  expedient, 
it  will  be  necessary  to  distinguish  sharply  between  the  concepts  of  the 
different  systems.  In  making  such  a  distinction,  it  is  further  necessary 
that  ambiguity  in  the  use  of  the  terms  be  avoided. 

Thus  we  shall  draw  a  sharp  distinction  between  the  purely  physical 
phenomenon  of  radiation,  the  objective  stimulus  of  vision,  i.e.,  light, 
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and  the  subjective  response  to  light,  termed  color.  While  a  wide  range 
of  terminology  has  been  developed  to  describe  color,  three  essential 
attributes  are  commonly  recognized:  brilliance,  hue,  and  saturation. 
The  following  table  shows  the  relation  between  the  terms  describing 
subjective  response  (color),  objective  stimulus  (light),  and  physical 
phenomenon  (radiation). 

Table  1 
(56,  cf.  page  178) 


Physical  phenomenon 

Objective  stimulus 

Subjective 
response 

Radiation 
Intensity  (beam) 

Wave-length  distribution  ■ 

Light 

Brightness 

Dominant  wave-length  (s) 

Purity 

Color 
Brilliance 
Hue 
Saturation 

Table  2  indicates  the  hue  which  we  commonly  associate  with  the 
different  representative  wave-lengths  of  the  pure  spectrum. 

Table  2 


Wave-length,  \  in  /x 

Hue 

Wave-length,  X  in  /i 

Hue 

0.410 
0.470 
0.520 

Violet 

Blue 

Green 

0.580 
0 .  600 
0.650 

Yellow 
Orange 
Red 

Other    hues    are    combination    effects    of    different    wave-lengths, 
instance,  purple  is  due  to  the  combination  red  and  blue. 


For 


UNITS    AND    DEFINITIONS 

The  complete  physical  measurement  of  radiation  requires  a  determina- 
tion of  the  energy  for  each  wave-length  and  its  relation  to  space  and  time. 
Table  3  defines  the  units  commonly  used. 

In  many  problems  it  is  assumed  that  one  might  have  a  finite  amount 
of  energy  transferred  by  a  parallel  beam,  i.e.,  a  wave  motion  in  which 
maxima  and  minima  lie  in  parallel  planes.  For  such  an  idealized  case,  the 
flux  density  in  a  direction  normal  to  the  wave  plane  is  often  spoken  of  as 
the  "intensity"  or  "beam  intensity"  and  measured  in  watts/cm. 2. 

Practically,  such  a  condition  cannot  be  reahzed.  It  may  be  ap- 
proached where  the  radiation  is  restricted  to  a  small  solid  angle.  In 
such  cases,  the  term  intensity  or  beam  intensity  is  commonly  used. 

Quantities  expressed  in  units  of  the  absolute  system  cannot  be  con- 
verted into  quantities  expressed  in  terms  of  the  illumination  system, 
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unless  both  source  and  observer  are  specified.  A  watt  of  radiant  power 
of  a  wave-length  giving  rise  to  a  blue  sensation  when  observed  will  not 
appear  so  bright  to  the  eye  as  a  watt  expended  at  a  wave-length  which 
appears  yellow.  Thus,  equal  luminous  flux  does  not  imply  equal  radiant 
power  for  different  wave-lengths.  Since  different  sources  of  light  emit 
different  amounts  of  power  in  different  wave-lengths,  the  luminous 
equivalents  will  depend  upon  the  wave-length  distribution  of  power. 
As  a  first  step  toward  relating  these  two  systems  of  units,  the  relative 
luminous  efficiency  of  different  spectral  regions  has  been  determined 
for  a  large  number  of  observers.  A  standard  relative-visibility  curve 
has  been  defined  which  closely  approximates  the  observed  average. 
Table  4  gives  the  standard  relative  visibility  agreed  upon  at  the  last 
International  Commission  on  Illumination. 


Table 

4  (41) 

Wave-length  X,  iiim 

Relative  visibility 

Wave-length  X,  m^ 

Relative  visibility 

380 

0.00004 

580 

0.870 

390 

0.00012 

590 

0.757 

400 

0.0004 

600 

0.631 

410 

0.0012 

610 

0.503 

420 

0.0040 

620 

0.381 

430 

0.0116 

630 

0.265 

440 

0.023 

640 

0.175 

450 

0.038 

650 

0.107 

460 

0.060 

660 

0.061 

470 

0.091 

670 

0  032 

480 

0.139 

680 

0.017 

490 

0.208 

690 

0.0082 

500 

0.323 

700 

0.0041 

510 

0,503 

710 

0.0021 

520 

0.710 

720 

0.00105 

530 

0.862 

730 

0.00052 

540 

0.954 

740 

0.00025 

550 

0.995 

750 

0.00012 

560 

0.995 

760 

0.00006 

570 

0.952 

770 

0.00003 

Note:  The  original  article  contains  interpolations  to  1  m/i. 

In  specifying  relative  visibility,  the  maximum  is  taken  as  unity.  This 
maximum  occurs  at  555  millimicrons  or  0.555  n,  as  will  be  seen  from  the 
curve  Fx  in  Fig.  33.  In  order  to  obtain  the  absolute  visibility,  or  the 
ratio  of  luminous  flux  to  radiant  power  or  flux,  Fx  =  L-^/P-k,  it  is  only 
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necessary  to  establish  the  value  of  the  maximum  absolute  visibility, 
T^o.555^,.  The  most  recent  determination  of  this  value  is  Fo.555m  =  624. 
The  reciprocal  of  this  value,  known  as  the  least  mechanical  equivalent 
of  light,  is  0.001602  watt  per  lumen  (67,  40).  (This  is,  of  course,  the 
ratio  of  the  unit  lumen  to  the  unit  watt  for  wave-length  0.555  yu.) 

Thus,  if  one  knows  for  a  given  source,  the  power  Px  emitted  at  each 
wave-length,  one  obtains  the  luminous  flux  by  multiplying  the  radiant 
power  by  the  absolute  visibility. 

Lx=  ViPxi=  FxX  Fj.555,Px) 

Integrating  over  the  wave-length  range,  one  obtains  the  total  luminous 
power  of  the  source. 

Often  it  is  most  convenient  to  perform  the  integration  graphically, 
plotting  Lx  as  a  function  of  X,  and  measuring  the  area  under  the  curve 
by  means  of  a  planimeter. 

GENERAL    CONCEPTS 

Having  so  agreed  upon  our  methods  of  specification  of  radiation  and 
light,  we  may  now"  attack  the  simple  problem  of  the  passage  of  a  parallel 
beam  of  radiation  through  a  portion  of  matter  bounded  by  two  parallel 
flat  surfaces.  At  the  first  surface,  a  portion  of  the  radiation  is  turned 
back,  a  portion  continues  through.  Of  this,  the  portion  which  is  turned 
back  is  spoken  of  as  reflected;  the  portion  continuing,  as  transmitted. 
As  the  radiation  passes  through  the  body  of  the  material,  part  of  the 
energy  is  lost  by  absorption.  At  the  second  surface,  a  portion  is  again 
reflected  and  a  residue  transmitted.  In  the  case  where  the  incident 
beam  falls  vertically  upon  the  surface,  the  terms  in  Table  5  may  be  used 
to  specify  the  phenomenon. 

Since  t  =  -\/T  =  \^E-i/Ei  =  e~\  then  E2  =  Eie~''',  a  common  expres- 
sion for  Lambert's  law. 

For  a  wide  range  of  solutions,  the  absorption  of  radiant  energy  is 
proportional  to  the  number  of  molecules  of  dissolved  material  in  the 
path.     For  such  cases,  the  terminology  in  Table  6  has  been  established. 

Here  it  will  be  seen  that  t  =  \/T  may  be  written  T  =  e~'^*^,  the  expo- 
nent being  proportional  to  the  concentration  and  the  length  of  path. 
This  form  is  perhaps  most  frequently  given  to  Beer's  law.  The  specific 
transmissive  exponent  i  depends  upon  the  type  of  dissolved  material. 
While  the  specific  transmissive  index  k  is  commonly  spoken  of  as  the 
absorption  coefficient,  the  specific  transmissive  exponent  i  is  often  referred 
to  by  the  same  term,  so  that  the  logarithmic  base  must  be  indicated 
whenever  the  term  is  used. 
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Table  5. — Terms  Relating  to  the  Rectilinear  Transmission  of  Homogeneous 

Radiant  Energy  through  a  Homogeneous,  Isotropic,  Nonmetallic  Medium 

IN  THE  Form  of  a  Plate  with  Plane,  Polished,  Parallel  Surfaces 

Perpendicular  to  the  Direction  of  Propagation*  (56,  cf.  page  177) 

Let  . 

h  =  distance  between  the  bounding  surfaces. 
El  =  radiant  energy  incident  on  the  first  surface. 
E'  =  radiant  energy  reflected  by  the  first  surface. 
El  =  radiant  energy  transmitted  by  the  first  surface. 
Ei  =  radiant  energy  incident  on  the  second  surface. 
E"  =  radiant  energy  reflected  by  the  second  surface. 
Ell  =  radiant  energy  transmitted  by  the  second  surface. 
Then 

p  =  E'/Ei  =  E"/Ei  =  reflectance. 
v  =  El/ El  =  E11/E2  =  admittance. 
T  =  Ell/El  =  transmission,  t 

T  =  E2/E1  =  transmittance. 

t  =  -^/T  =  transmissivity.  J 

0  =  1  —  T  =  obstruction. 

A  =  1  —  T  =  absorptance. 

D  =  —  logio  T  =  density. 

i  =  —  loge  t  =  transmissive  exponent. 

k  =  logio<  =  transmissive  index. 

*  In  deriving  these  relations,  multiple  reflections  between  the  bounding  surfaces  have  been  neglected. 
This  is  permissible  for  a  single  plate  of  the  ordinary  refractive  index  for  nonmetallic  substances.  It 
is  not  permissible  in  case  p  has  a  high  value. 

t  In  addition  to  this  restricted  meaning  of  transmission,  the  term  ia  also  used,  as  are  absorption  and 
reflection,  to  denote  a  general  subject  or  phenomenon. 
J  This  relation  is  known  as  Lambert's  law. 

'  It  is  obviously  a  matter  of  great  importance  to  determine  the  char- 
acteristics of  materials  used  experimentally  with  regard  to  their  reflect- 
ance and  transmissivity.  Certain  ideal  conceptions  are  a  convenience. 
A  perfect  reflector  would  have  a  reflectance  1.  A  perfectly  transparent 
body  would  have  a  transmissivity  1.  While  such  ideal  reflectors  and 
transmitters  are  closely  approached  for  certain  wave-lengths,  one  is 
never  completely  free  from  surface  reflection.  For  a  polished  surface, 
the  reflection  R  of  highly  transparent  materials  depends  upon  the  index 
of  refraction  n  of  the  material  {i.e.,  the  ratio  of  the  velocity  of  radiation 
in  free  space  to  that  in  the  body).     In  ease  of  normal  incidence 


R  = 


Vn  +  l/ 


For  glass,  the  reflection  varies  between  4  and  8  per  cent  in  the  visible. 
A  black  body  may  be  described  as  one  of  zero  reflectance  and  zero  trans- 
mission. Practically,  it  may  be  approached  by  a  distribution  of  lamp- 
black over  a  surface.  The  small  opening  into  an  inclosure  proves 
equivalent  to  a  black  surface. 
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Table  6. — Terms  Relating  to  a  Substance  in  Homogeneous  Solution  in  a 
Solvent  Contained  in  a  Cell  with  Plane,  Parallel  Sides  Perpendicular 
to  the  Direction  of  Propagation,  the  Propagation  through  the  Cell 
and  Solution  Being  Rectilinear  (56,  cf.  page  177) 

Let 

TboI  =  transmission  of  a  given  cell  containing  the  solution. 

Tgov  =  transmission  of  the  same  (or  a  duplicate)  cell  containing  pure  solvent. 
Then* 

T  =  T^oi/Tsov   =  Tsoi/Tsov  =  transmittancy 

t  =  \/T  =  specific  transmissivityt 

where  c    =  concentration  of  the  solution 
and  b    =  thickness  of  the  solution 
i  =  —  loge  t    =  specific  transmissive  exponent. 
k  =   —  logiot  =  specific  transmissive  index. | 

*  The  symbols  T,  t,  i,  and  k  are  distinguished  from  the  terms  T,  t,  i,  and  k,  of  Table  5,  in   hand- 
writing and  typewriting  by  using  the  underscore,  and  in  printing  by  the  use  of  bold  face  type, 
t  This  relation  is  known  as  Beer's  law.     In  many  cases  it  is  only  approximate. 
X  This  term  has  been  commonly  designated  as  extinction  coefficient. 

THE   BLACK   BODY 

Throughout  the  discussion  so  far,  we  have  tacitly  assumed  a  basis 
for  determining  the  energy  associated  with  a  given  radiation.  The 
actual  method  by  w'hich  we  arrive  at  such  a  specification  is  directly 
dependent  upon  our  concept  of  a  black  body.  The  black  body  has  been 
in  fact  the  key  to  the  development  of  our  understanding  of  radiation. 
Since  we  measure  temperature  on  an  absolute  thermodynamic  basis, 
we  may  relate  our  observations  of  the  energy  absorbed  by  a  body  to  its 
rise  in  temperature.  Since  the  black  body  absorbs  totally  all  the  radi- 
ation falling  upon  it,  it  becomes  our  logical  starting  point.  Knowing 
the  heat  capacity  of  a  black  body,  it  may  be  placed  in  a  beam  of  radi- 
ation and  the  rise  of  temperature  observed  for  a  given  length  of  time. 
Thus  the  rate  of  rise  in  temperature  must  be  related  to  the  rate  of  supply 
of  energy.  Investigation  of  the  radiation  emitted  by  black  bodies  of 
different  temperatures  in  this  way  showed  that  the  amount  of  energy 
emitted  per  unit  time  was  greater  for  greater  temperatures.  In  fact, 
the  radiation  was  found  to  increase  as  a  high  power  of  the  temperature. 
Since,  however,  this  disclosure  indicates  that  bodies  all  radiate  and  that 
the  radiation  depends  upon  the  temperature,  the  black  body  which  we 
have  chosen  as  a  detector  must  itself  be  regarded  as  a  radiator.  Thus, 
our  measurement  becomes  one  dependent  upon  net  gain  or  loss,  this 
exchange  depending  upon  the  temperature  of  the  source,  the  temperature 
of  the  detector,  and  the  temperature  of  the  surroundings.  Thus,  Stefan 
observed  that  the  total  radiation  emitted  by  a  black  body  is  given  by  the 
expression 
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where  a  —  5.735  X  10~^  erg/cm. ^/deg.^/sec,  the  present  accepted  value 
for  the  Stefan-Boltzmann  constant.  The  radiation  exchange  between 
two  bodies  would  then  be 

E  =  <j{T'  -  T\) 

or  for  small  differences  in  temperature,  we  may  write 

E  =  4<rT'{T  -  Ti) 

We  have  therefore  an  absolute  method  of  determining  the  radiation 
exchange  between  black  bodies.  A  number  of  instruments  have  been 
developed  on  this  basis,  known  as  pyroheliometers  and  pyranometers. 
These  will  be  described  below. 

Since  an  ideal  black  body  would  absorb  totally  all  wave-lengths,  such 
a  type  of  measurement  may  be  used  regardless  of  the  wave-length  dis- 
tribution of  radiation  of  the  source.  Assuming  for  the  moment  that  a 
given  wave-length  may  be  separated  from  other  portions  of  radiation  by 
some  means,  we  may  then  explore  the  energy  for  each  wave-length  from 
a  given  source.  On  the  basis  of  classical  physics,  it  was  predicted  that 
a  black  body  would  emit  radiation  according  to  the  following  law: 

_  £1 

While  this  exhibited  a  satisfactory  relation  to  the  observed  facts  for 
short  wave-lengths,  a  marked  failure  was  evident  in  the  long-wave-length 
range.  In  an  effort  to  overcome  this  difficulty,  Planck  postulated  that 
radiation  existed  in  small  bundles  hv,  where  v  is  the  frequency  and  h  a 
universal  constant,  h  =  6.547  X  10~"  erg.  sec,  and  on  this  assumption 
worked  out  the  following  law: 


A  =  0(.-  -  i)"' 


where 

Jx  =  the  energy  radiated  in  erg/sec. /cm.  Vunit  solid  angle  in  a  direction 

normal  to  the  area  of  the  black-body  surface  per  centimeter 

wave-length. 

ci  =  2hc^  =  1.178  X  10-^  erg/sec. /cm.2 

he 
C2  =  -r  =  1.433  cm.-deg. 

Figure  3  shows  a  family  of  curves  for  representative  temperatures  of 
300°  to  6000°K.  The  logarithm  of  the  radiance  J\  in  erg/steradian/cm.^ 
per  centimeter  wave-length  in  a  direction  normal  to  the  surface  is  plotted 
against  wave-length  X  on  a  logarithmic  scale  in  microns,  increasing  to 
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the  right,  and  wave  numbers  in  reciprocal  centimeters  on  a  logarithmic 
scale  increasing  to  the  left.     Values  of  radiance  may  be  converted  into 
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RECIPROCAL  CENTIMETERS 
Fig.  3. — Spectral  distribution  of  radiation  from  black  body  and  tungsten.  Ordinates 
give  logio  radiance  in  ergs/steradian/cm.-/cm.  wave-length  in  a  direction  normal  to  the 
surface.  Abscissas  give  wave-lengths  in  ix  increasing  to  the  right,  and  wave  numbers  in 
reciprocal  centimeters  increasing  to  the  left.  Full-line  curves  are  for  black  body.  Dotted 
curves  are  for  tungsten. 

watts/steradian/cm.2  by  subtracting  7.0  from  the  logarithm.     In  order 
to  obtain  the  radiation  in  the  entire  hemisphere,  these  values  must  be 


138  BIOLOGICAL  EFFECTS  OF  RADIATION 

multiplied  by  x.  The  corresponding  values  of  radiance  in  a  direction 
normal  to  the  surface  for  a  tungsten  filament  are  shown  by  dotted  lines.  ^ 

Table  7  (31)  gives  the  numerical  values  for  black-body  radiation 
from  which  the  curves  have  been  prepared,  together  with  those  for  a 
tungsten  filament.  The  values  of  emissivity  upon  which  the  data  for 
tungsten  depend  are  incomplete  and  approximate,  those  for  2800°K.2 
being  based  entirely  upon  extrapolation.  A  more  adequate  basis  for 
these  values  is  urgently  needed. 

It  may  be  shown  that  Stefan's  law,  mentioned  above,  follows  as  a 
consequence  of  Planck's  equation  (by  adding  up  the  effects  for  all  wave- 
lengths). For  the  condition  that  /x  be  maximum,  we  obtain  the  simple 
relation 

\mT  =  const.  (0.2884  cm.-deg.) 

Thus,  the  higher  the  temperature  of  the  body,  the  shorter  the  wave- 
length of  maximum  radiation.  For  6000°K.,  the  approximate  tempera- 
ture of  the  sun,  the  maximum  intensity  occurs  in  the  visible  at  about 
0.48m;  for  3000°K.,  a  common  temperature  for  a  tungsten  filament 
lamp,  it  occurs  in  the  near  infra-red,  at  0.96ai;  for  1000°K.,  at  2.88  m; 
for  300'^K.,  approximate  room  temperature,  at  9.6/i. 

For  convenience  in  visualizing  the  shift  of  maximum  and  the  relative 
distribution,  one  may  refer  to  the  center  section  of  Fig.  2. 

Thus,  since  the  radiation  from  a  black  body  is  predictable  from  its 
temperature,  such  a  black  body  may  be  made  the  standard  of  radiation 
for  all  wave-lengths.  To  determine  the  intensity  of  any  other  source  of 
radiation,  it  is  only  necessary  to  make  a  comparison  of  the  radiation  for 
that  wave-length  with  that  of  a  black  body.  If  the  source  of  radiation 
is  compared,  wave-length  by  wave-length,  with  the  black  body,  one  need 
not  use  a  black-body  detector.  The  difficulty  which  this  method  has 
presented  arose  from  the  fact  that  black  bodies  were  not  available  of 
such  a  high  temperature  as  to  radiate  with  sufficient  intensity  in  the 
short-wave-length  ranges. 

A  black-body  source  consisting  of  a  hollow  enclosure  immersed  in 
freezing  platinum  has  been  developed  for  use  as  an  absolute  standard  of 
candle  power  by  the  National  Bureau  of  Standards  (66).  This  provides 
a  black-body  source  at  2046°K.,  the  fixed  point  at  which  pure  platinum 
freezes.     By  using  freezing  iridium  (38,  67)  instead  of  platinum,  a  source 

^  Note:  The  conventional  use  of  the  centimeter  for  wave-length  in  J\  should  be 
particularly  noted.  When  the  smaller  customary  units  are  used,  values  indicated 
must  be  multiplied  by  the  corresponding  factor:  for  Angstroms  by  10-«;  for  milli- 
microns by  10"^;  for  ^  by  10~*. 

2  K  refers  to  absolute  temperature.  When  not  otherwise  specified,  temperature 
refers  to  centigrade  scale,  C 
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of  black-body  radiation  at  2727°  K.  has  been  made  available.  This 
higher  temperature  promises  to  make  practicable  standardization  in  the 
region  of  shorter  wave-lengths  by  direct  comparison  with  a  black  body. 
A  brief  description  of  this  type  of  source  therefore  seems  desirable. 

The  arrangement  consists  of  a  crucible  containing  the  platinum  (or 
iridium)  in  which  is  immersed  a  small  tube  which  serves  as  the  actual 
source  (see  Fig.  4).  The  crucible  and  immersed  tube  are  made  of  fused 
thorium  oxide  (thoria),  ground  to  a  fine  powder  and  then  molded  to 

I  m 


UJ 


TT 


.  Platinum 


.  s^  Un  fused 
Thona 


fusecf  Thoria 


S^^^^^ 


Fig.  4. — Diagram  of  standard   black  body  and  collimating  system. 

of  Standards.) 


{National  Bureau 


shape,  using  thorium  chloride  as  a  binder.  It  has  been  found  that  such 
crucibles,  even  after  extensive  use,  do  not  contaminate  metals  of  the 
platinum  group.  Powdered  thoria  is  used  for  insulation.  A  small 
quantity  of  powdered  thoria  is  placed  in  the  lower  portion  of  the  tube 
to  conceal  the  colder  bottom  of  the  tube. 

The  metal  is  melted  by  means  of  a  high-frequency  induction  furnace. 
After  the  metal  has  been  heated  a  few  degrees  above  its  melting  point,  the 
power  is  cut  off.  Successive  observations  of  the  radiation  show  decreas- 
ing intensity  until  the  metal  begins  to  freeze,  a  constant  intensity  during 
the  period  of  freezing,  and  again  a  falling  intensity  as  the  solid  metal 
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cools.  The  intensity  of  radiation  during  the  period  of  freezing,  usually 
lasting  from  5  to.  15  min.,  has  been  found  to  be  reproducible  within  the 
experimental  error  of  observation,  i.e.,  less  than  0.25  per  cent.  For 
further  details,  the  reader  should  consult  the  original  papers  (62). 

This  type  of  source  has  been  made  the  standard  of  both  brightness  and 
color  temperatures.  For  a  discussion  of  its  application  to  color  tempera- 
ture problems,  the  reader  is  referred  to  the  publication  of  the  National 
Bureau  of  Standards  (65).  A  brief  discussion  of  its  application  to  bright- 
ness is  not  only  of  value  in  itself,  but  will  serve  to  illustrate  the  inter- 
relation between  the  photometric  or  illuminating  system  and  the  absolute 
system. 

Since  Jx  is  the  power  emitted  per  square  centimeter  per  unit  solid 
angle  in  a  direction  normal  to  the  surface,  if  one  multiplies  by  the  abso- 
lute visibility,  one  obtains  the  brightness  per  unit  wave-length.  If, 
now,  this  value  is  integrated  over  the  entire  wa^'e-length  range,  one 
obtains  the  total  brightness  of  the  source.  As  has  been  noted  before, 
the  absolute  visibility  is  obtained  from  the  relative  visibility  by  multi- 
plying by  the  maximum  absolute  visibility,  or  the  reciprocal  of  the  least 
mechanical  equivalent  of  light.  The  expression  for  brightness  becomes, 
therefore 


B 


1 


0.001602 


I 


JexV^dX 


the  constant  factor  having  been  taken  outside  the  integral  sign.  In  the 
application  of  this  formula  it  should  be  noted  that  usage  differs  as  to  the 
quantity  /.  Our  values  apply  to  the  power  emitted  in  unit  solid  angle, 
whereas  the  values  given  in  the  original  article  refer  to  the  total  power 
emitted  in  the  hemisphere.  Where  the  latter  is  the  case,  tt  appears  in  the 
denominator  of  the  constant  factor. 

Table  8 


Tempera- 

Brightness, 

Tempera- 

Brightness, 

Tempera- 

Brightness, 

ture,  °K. 

candles /cm.  2 

ture,  °K. 

candles /cm.  2 

ture,  °K. 

candles /cm.  2 

1550 

1.273 

2000 

44.46 

2400 

351.7 

1600 

2.077 

2046. 6 t 

58.91 

2450 

434.9 

1650 

3.295 

2050 

60.09 

2500 

533.3 

1700 

5.091 

2100 

80.09 

2550 

648.8 

1750 

7.679 

2150 

105.4 

2600 

783.7 

1800 

11.33 

2200 

137.0 

2650 

940.1 

1828* 

14.02 

2239 1 

167.1 

2700 

1121 

1850 

16.38 

2250 

176.1 

2727  § 

1227 

1900 

23.24 

2300 

223.9 

2728 

1231 

1950 

32.41 

2350 

282.0 

*  Palladium  point,      t  Platinum  point,     t  Rhodium  point.       §  Iridium  point. 
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For  convenience  in  calculating  the  brightness  of  a  black  body  of 
specified  temperature  6,  an  empirical  formula  has  been  evolved  (67) 
which  is  in  excellent  agreement  with  the  calculated  and  observed  values 
over  the  range  from  1800°  to  2728°  K. 

461.4 

B  =  24951 


•<24) 


Table    8    gives    the    brightness    of    the    black    body    for    various 
temperatures. 

MEASUREMENT  OF  TOTAL  RADIATION 

ABSOLUTE    DETECTOR 

Instruments  which  yield  an  absolute  measurement  of  radiation  apply 
a  calorimetric  method  to  the  black  body.  The  pyroheliometers  used 
for  the  standardization  of  solar-radiation  measurements  represent  this 
type  of  instrument.  The  water-flow  pyroheliometer  used  by  Abbot  (7) 
will  serve  as  an  illustration.  It  consists  of  two  identical  blackened 
chambers  through  which  water  can  be  circulated,  one  stream  entering 
each  chamber  at  the  same  temperature.  Radiation  is  allowed  to  fall 
upon  one  chamber,  producing  a  rise  in  temperature  in  the  water  stream. 
An  equivalent  rise  in  temperature  is  produced  by  a  known  electrical 
current  through  a  known  resistance  in  the  other  chamber.  An  electrical 
thermometer  is  used  to  secure  equality  in  the  temperature  of  the  two 
identical  streams.  The  heat  supplied  electrically  to  the  second  chamber 
is  thus  equal  to  the  heat  supplied  by  radiation  to  the  first  and  can  be 
evaluated  either  in  calories  per  second  or  in  watts.  Knowing  the  area 
of  the  receiver,  the  irradiation  can  thus  be  determined.  In  practice,  the 
influence  of  the  surroundings  is  minimized  by  surrounding  the  chambers 
with  an  evacuated  space,  thereby  eliminating  convection.  Since  radia- 
tion loss  from  the  two  chambers  is  identical,  it  does  not  enter  into  the 
calculation. 

A  second  type  of  absolute  detector  is  the  melikeron  pyranometer  (8). 
In  this  form,  a  metal  strip  blackened  and  so  shaped  as  to  constitute 
effectively  a  hollow  inclosure  is  heated  by  radiation.  The  rise  in  tem- 
perature is  measured  by  a  thermocouple-galvanometer  system.  An 
equivalent  rise  in  temperature  is  then  produced  electrically  and  the  heat 
supplied  determined,  so  that  in  this  respect  it  is  equivalent  to  the  pyro- 
heliometer, in  that  energy  rate  of  supply  is  measured  under  presumably 
identical  conditions. 

o 

A  compensation  pyroheliometer  (9)  has  been  constructed  by  Ang- 
strom, with  two  identical  blackened  strips,  one  of  which  is  heated  by 
radiation  and  the  other  by  electrical  energy,  identical  rises  in  temperature 
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being  produced,  as  indicated  by  thermocouples.  In  general,  this  type 
of  instrument  has  not  been  constructed  of  sufficient  sensitivity  to  be 
used  for  sources  furnishing  markedly  less  radiant  energy  than  the  sun. 

COMPARISON    WITH   BLACK-BODY    EMISSION 

A  second  method  of  absolute  determination  in\'olves  the  use  of  a 
black-body  receiver  whose  temperature  can  be  measured  by  a  suitable 
device,  wherein  the  deflection  is  simply  proportional  to  the  energy  falling 
upon  the  receiver.  With  such  a  secondary  type  of  instrument,  yielding 
only  a  deflection  proportional  to  total  energy,  it  is  necessary  that  its 
deflection  be  calibrated  by  some  other  method,  either  by  means  of  a 
known  source,  such  as  a  black  body  at  known  temperature,  or  by  com- 
parison with  an  absolute  instrument.  In  practice,  a  standard  incan- 
descent lamp,  generally  carbon  filament,  is  commonly  used  as  a  known 
source.  Such  a  lamp,  properly  seasoned,  may  be  secured  from  the  Bureau 
of  Standards,  or  a  suitable  lamp  may  be  calibrated  by  them  (23).  It  is 
only  necessary  for  this  purpose  that  the  total  radiation  in  a  given  direction 
be  known  for  a  specified  condition  of  operation.  One  of  the  simplest 
instruments  of  the  secondary  type  is  the  silver-disk  pyroheliometer  (2). 
It  consists  of  a  high-grade  mercury-in-glass  thermometer,  bedded  in  a 
silver  disk  whose  surface  is  blackened  and  the  area  accurately  determined. 

Another  widely  used  instrument  is  the  bolometer  (3).  Here  two 
identical  blackened  strips  of  metal  are  placed  in  an  evacuated  space. 
The  two  strips  become  the  two  arms  of  a  Wheatstone's  bridge,  whose 
balance  is  determined  by  a  galvanometer.  When  radiation  is  allowed 
to  fall  on  one  of  these  strips,  a  rise  in  temperature  is  produced  which 
unbalances  the  bridge  by  change  of  resistance.  The  chief  difficulty  with 
this  type  of  instrument  is  that  it  requires  a  constant  current  to  be  passed 
through  the  two  strips,  thus  necessitating  a  constant  source  of  potential. 

A  third  form,  by  far  the  most  commonly  used,  is  simply  a  thermo- 
couple with  a  blackened  receiver.  Where  two  dissimilar  metals  join,  an 
electromotive  force  is  developed  which  depends  upon  the  temperature. 
Thus,  if  a  circuit  is  made  up  of  two  parts,  one  copper  and  the  other 
constantan,  electromotive  forces  will  be  developed  in  opposite  directions 
at  the  two  junctions.  If  these  are  at  identical  temperatures,  no  current 
will  flow.  If,  however,  a  metallic  receiver  is  attached  to  one  of  the 
junctions  and  its  surface  blackened,  its  temperature  may  be  raised  by 
radiation.  For  small  temperature  changes,  the  unbalanced  electromotive 
force  is  proportional  to  the  temperature  rise  and  hence  to  the  radiant 
power  impinging  upon  the  receiver.  If  a  galvanometer  is  so  constructed 
as  to  produce  a  deflection  proportional  to  the  current,  the  combination 
of  thermocouple  and  galvanometer  yields  a  deflection  strictly  propor- 
tional to  irradiation. 
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THERMOCOUPLE    TECHNIQUE 

The  highest  sensitivity  available  in  present  practice  is  obtained  by- 
using  bismuth  for  one  lead,  and  bismuth  with  4.5  to  5  per  cent  of  tin 
alloy  for  the  other.  In  the  most  sensitive  forms,  the  thermocouple  is 
placed  in  an  evacuated  space.  It  is  then  possible  to  measure  rises  in 
temperature  of  the  order  of  10"^  degree.  With  such  small  rises  in 
temperature,  the  influence  of  surrounding  bodies  is  of  paramount  impor- 


Rece/ver 


Replacement 
um'f 


^'/      fn/arged  section  of 
receiver  assembly 


Fig.  5. — Housing  for  vacuum  thermocouple. 


tance.  It  is  necessary,  therefore,  that  the  thermocouple  be  protected 
from  radiation  disturbances,  as  well  as  from  convection.  This  may  be 
accomplished  in  the  following  way:  The  blackened  receiver  is  placed  at 
the  center  of  a  surrounding  shield  whose  temperature  is  that  of  the  cold 
junction.  An  example  of  such  a  thermocouple  housing  is  illustrated  in 
Fig.  5.  The  thermocouple  is  constructed  upon  a  convenient  replacement 
vmit  C.  Two  thin  pieces  of  copper  are  joined  by  a  glass  bead,  extensions 
projecting  toward  the  center  of  each  unit.  Upon  these  projections  are 
welded  the  fine  thermocouple  leads.  The  wires  are  so  selected  as  to 
yield  a  resistance  of  from  10  to  30  ohms.  For  spectroscopic  purposes,  the 
receiver  is  about  0.1  mm.  wide  and  4  mm.  long.  One  side  is  blackened 
to  receive  the  radiation  and  the  other  left  bright  to  reduce  the  loss  by 
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radiation  to  the  surroundings.  This  receiver  unit  C  is  clamped  at  the 
center  of  a  spUt  housing  AB.  Each  half  of  the  housing  is  made  of  two 
parts  separated  by  a  sufficient  distance  to  secure  electrical  insulation. 
Thus  the  assembled  housing  occupies  practically  the  entire  solid  angle 
surrounding  the  receiver.  Radiation  can  be  introduced  only  through  the 
narrow  slit  opening  in  A.  The  whole  assembly  is  then  placed  in  an 
evacuated  space,  radiation  being  introduced  through  a  suitable  window, 

o 

quartz  for  radiation  lying  between  2000  A  and  2.5  n,  salt  if  the  instrument 
is  to  be  used  for  the  infra-red  between  2.5  /j.  and  15  /jl.  Where  such 
extreme  precautions  have  to  be  taken  to  avoid  the  influence  of  surround- 
ing bodies  upon  the  detector,  it  is  necessary  that  the  galvanometer  and 
leads  also  be  maintained  at  constant  temperature.  Although  the  entire 
electrical  circuit  may  be  made  up  of  copper  (except  for  the  junction), 
electromotive  forces  may  arise  from  impurities  (which  result  in  inhomo- 
geneities  in  the  circuit)  and  from  other  similar  causes. 

Wherever  windows  are  used,  their  transmission  characteristics  must 
be  taken  into  account.  For  total  radiation  measurements,  where  some 
of  the  radiation  lies  in  the  infra-red,  bare  thermocouples  should  be  used. 
Such  thermocouples  do  not  have  the  high  sensitivity  of  the  vacuum 
thermocouple,  owing  to  the  greater  heat  loss  by  convection.  The 
method  of  shielding  described  is  of  even  greater  importance  in  the  use 
of  such  bare  thermocouples.  The  sensitivity  of  such  an  instrument 
depends  upon : 

(a)  The  choice  of  alloys  having  the  quantity 

E 

maximum 


where     E  =  thermoelectric  power. 
Ki  and  K2  =  heat  conductivities. 
(Ti  and  0-2  =  specific  resistances  of  the  lead  wires,  respectively. 

(6)  The  proper  relation  of  size  of  receiver,  length  of  wire,  and  resist- 
ance of  the  couple. 

(c)  The  sensitivity  of  the  current-measuring  instrument.  For  most 
purposes,  a  high-sensitivity  d'Arsonval  galvanometer  is  preferred.  For 
even  greater  sensitivity,  amplification  may  be  applied  to  the  galvanom- 
eter. For  a  more  complete  discussion,  the  reader  is  referred  to  the 
hterature  (12). 

RADIOMETERS 

Another  type  of  instrument  which  has  been  used  to  some  extent  for 
spectroscopic  purposes  is  the  radiometer  (5).  It  consists  of  a  suspension 
with  two  symmetrical  receivers,  mounted  on  a  light  quartz  fiber  and 
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placed  in  a  gas-filled  space  at  somewhat  reduced  pressure.  When  the 
surface  of  one  receiver  is  heated  by  radiation,  convection  currents  are 
set  up  which  produce  a  deflection.  It  is  important  in  this  type  of  instru- 
ment that  the  front  and  back  surfaces  of  the  receiver  be  at  as  great  a 
temperature  difference  as  possible.  For  this  reason,  the  receivers  are 
generally  laminated  in  character.  Thus,  mica  is  sometimes  employed. 
The  mica  is  subjected  to  a  pearling  process,  producing  a  multiplicity  of 
cleavages  between  the  separate  layers  of  the  crystal. 

A  very  sensitive  radiometer  has  been  constructed  by  Abbot  wherein 
the  receiver  was  built  up  of  several  layers  of  fly's  wings  (5).  With  such 
an  instrument,  it  has  been  possible  for  him  to  measure  the  spectral 
distribution  of  radiation  from  stars,  using  the  100-in.  telescope  at  Mt. 
Wilson. 

In  order  to  secure  a  maximum  sensitivity  in  radiometer  measurements 
it  is  necessary  that  optimum  gas  pressure  be  maintained.  For  details 
regarding  the  construction  of  such  instruments,  the  reader  is  referred 
to  a  more  complete  discussion  by  Coblentz  (19).  A  recent  discussion  of 
the  theory  has  been  given  by  Marsh,  Condon,  and  Loeb  (48). 

COMPARISON  OF  DETECTORS 

As  a  matter  of  convenience  in  comparing  the  sensitivity  of  the  different 
types  of  instruments  available  for  radiation  measurements,  and  as  a 
guide  in  the  selection  of  suitable  current-measuring  devices.  Table  9  has 
been  prepared.  For  spectroscopic  purposes,  a  small  narrow  receiver  is 
desirable.  If  continuously  recording  methods  are  required,  a  small  time 
of  response  is  at  a  premium.  Thus,  in  comparing  the  different  instru- 
ments available,  it  is  important  to  take  these  characteristics  into  account. 
Thermocouples  referred  to  in  Table  9  have  been  selected  because  of  their 
small  areas  of  receiver.  If  radiation  is  to  be  measured  over  an  extended 
area,  thermocouples  can  be  constructed  having  much  larger  areas  of 
receiver,  the  sensitivity  to  irradiation  increasing  roughly  in  proportion  to 
the  area.  For  a  small-area  instrument,  the  single  couple  is  superior  to  any 
multiple-junction  thermopile  so  far  constructed. 

Table  9  is  divided  into  three  parts,  the  first  dealing  with  the  character- 
istics of  the  detector  unit,  the  second  with  the  characteristics  of  the 
measuring  device,  galvanometer,  amplifier,  etc.,  and  the  third  with  the 
sensitivity,  (a)  of  the  active  element,  and  (6)  of  the  overall  combination. 
For  instance,  the  sensitive  thermocouple  has  a  resistance  of  17  ohms,  an 
area  of  0.003  cm. 2,  an  inherent  time  of  practical  equilibrium  of  0.4  sec. 
A  suitable  galvanometer  to  be  used  with  this  couple  should  have  prac- 
tically the  same  resistance.  If  it  has  a  5-sec.  time  of  response,  it  will  have 
a  voltage  sensitivity  of  2  X  10~^  and  a  current  sensitivity  of  4  X  10~^^ 
amp.   for  the  least  measurable  deflection  under  favorable  conditions. 
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Such  a  couple  will  yield  800  /xa.  current  for  1  mw.  absorbed  radiant  power. 
It  will  measure  as  a  minimum  0.17  erg/sec. /cm.^  irradiation,  which  for 
this  size  of  receiver  amounts  to  a  least  detectable  radiant  power  5  X  10~* 
erg/sec.  If  a  sensitive  thermocouple  is  combined  with  a  resonance 
amphfier,  the  least  detectable  radiant  power  is  6  X  10"^  erg/sec.  With 
a  photovoltaic  cell,  such  as  the  photronic  cell,  having  a  large  receiver, 
11  cm. 2  in  area,  an  irradiation  of  10~^  erg/sec. /cm. ^  can  be  detected. 
Owing  to  its  large  receiver,  however,  it  is  absorbing  a  far  greater  amount 
of  energy,  the  radiant  power  incident  upon  the  surface  being  10"^  erg/sec. 

In  case  of  a  photoelectric  cell  with  electrometer  measurement,  we 
may  be  dealing  with  a  detector  whose  internal  resistance  is  10^^  ohms,  its 
area  may  be  anywhere  from  5  to  20  cm.  2,  its  inherent  time  of  response  is 
extremely  small,  probably  of  the  order  of  10"''  sec.  An  electrometer 
which  might  be  used  for  this  purpose  might  have  a  period  of  10  sec,  a 
voltage  sensitivity  of  2  X  10~^,  a  current  sensitivity  of  10~^'.  Such 
a  photocell,  depending  upon  the  type  selected,  may  yield  a  current 
anywhere  from  0.1  to  10.0  /xa.  for  1  mw.  incident  radiant  power.  With 
such  an  arrangement,  irradiation  may  be  detected  as  small  as  5  X  10~^ 
erg/sec. /cm.^  radiant  power  for  a  5-cm.^  area.  If  one  does  not  require 
a  small  time  of  response,  the  photoelectric  cell  may  be  used  with  an 
FP54  amplifier,  requiring  100  sec.  for  time  of  observation.  Such  an 
arrangement  may  have  a  least  measurable  voltage  characteristic  of 
3  X  10  "^,  corresponding  to  3  X  10~'^  amp.  Such  a  device  would  respond 
to  a  least  observable  irradiation  of  3  X  10~^  erg/sec. /cm. 2.  This  corre- 
sponds for  a  20-cm.2  area  to  6  X  10~^  erg/sec.  of  incident  radiant  power. 
It  will  be  noticed  that  so  far  only  with  this  extremely  sensitive  device 
is  the  sensitivity  of  the  eye  approached,  which  is  able  to  detect  an  irradi- 
ation of  1.3  X  10~^  erg/sec. /cm. 2,  but  owing  to  its  very  small  effective 
area  (pupil),  the  corresponding  radiant  power  is  only  7.7  X  10"^°  erg/sec. 

The  most  sensitive  of  all  radiation  detectors  is  the  photocell  Geiger 
counter.  With  this  arrangement,  irradiation  of  9  X  10~"  erg/sec. /cm. - 
has  been  detected.  This  corresponds  to  4.5  X  10~^°  erg/sec.  of  incident 
radiant  power.  This  is  the  only  instrument  which  exceeds  the  sensitivity 
of  the  eye  to  radiant  power.  However,  for  the  same  period  of  response, 
none  even  approach  it. 

In  this  table,  we  have  presented  first  the  absolute  black-body  detec- 
tors, having  only  a  very  low  sensitivity;  second,  the  secondary  black-body 
instruments,  whose  deflection  when  properly  constructed  is  proportional 
to  the  incident  radiation;  third,  the  selective  detectors  of  the  photoelectric 
type  whose  sensitivity  varies  markedly  with  wave-length.  The  sensi- 
tivity as  a  function  of  wave-length  of  these  detectors  will  be  taken  up 
in  detail  in  a  later  section.  For  most  practical  radiation  measurements, 
a  secondary  black-body  instrument  is  used  in  conjunction  with  a  standard 
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lamp.  Such  a  standard  lamp  must  be  calibrated  in  terms  of  a  black 
body. 

MONOCHROMATIC  MEASUREMENTS 

Three  general  types  of  problems  present  themselves  for  monochro- 
matic analysis: 

A.  The  determination  of  the  intensity  distribution  from  sources  as 
a  function  of  wave-length. 

B.  The  determination  of  the  absorption  characteristics  of  transparent 
or  partially  transparent  materials. 

C.  The  provision  for  monochromatic  irradiation  of  materials. 
Unquestionably  the  preferred  method  of  attacking  these  problems 

involves  the  use  of  a  monochromator,  together  with  suitable  detectors, 
either  black-body  type  or  selective.  In  selecting  a  monochromator  for 
a  given  undertaking,  one  is  concerned  with:  (a)  Its  dispersion  and 
resolution,  determining  the  wave-length  range  isolated,  (b)  Its  numer- 
ical aperture,  which  determines  the  solid  angle  of  radiation  which  the 
instrument  is  able  to  transmit,  (c)  The  percentage  transmission  of  the 
optical  parts,  (d)  The  extraneous  or  scattered  light  transmitted  by 
the  instrument,     (e)  The  slit  characteristics. 

For  our  purpose,  we  may  regard  a  monochromator  (see  Fig.  6(a))  simply 
as  an  optical  system  which  takes  the  radiation  in  a  given  solid  angle 
through  a  narrow  opening  (slit)  Si  and  forms  an  image  of  that  narrow 
opening  or  slit  upon  a  second  slit  S2  which  permits  the  escape  from  the 
instrument  of  a  narrow  wave-length  range  of  known  wave-length  maxi- 
mum and  extent.  Such  instruments  are  commercially  available  in 
numerical  apertures  varying  from/12  to/4  and  rarely  to/2,  the  numerical 
aperture  signifying  the  ratio  of  the  focal  length  of  the  collimator  (first 
lens)  Li  and  camera  (second  lens)  L2,  assuming  as  is  customary  that  the 
two  have  the  same  focal  length,  to  the  diameter  of  the  limiting  aperture 
(prism  or  lens  size)  P.  Thus  a  spectrograph  of  numerical  aperture  /4 
utilizes  radiation  from  a  given  point  on  the  slit  having  a  solid  angle  of 
Ke  of  a  steradian.  Since  most  sources  emit  radiation  uniformly  over 
a  fairly  large  solid  angle,  the  light-gathering  power  of  the  instrument  is 
directly  proportional  to  the  sohd  angle  subtended  by  the  limiting  aper- 
ture, or  inversely  proportional  to  the  square  of  the  numerical  aperture. 
Thus,  an  instrument  of  /4  would  have  a  light  gathering  power  nine  times 
as  great  as  one  of  /12. 

Two  characteristics  determine  the  overall  transmission  of  the  optical 
system:  (a)  The  number  of  surfaces  (since  each  normal  surface  reflects 
approximately  4  to  8  per  cent),  and  the  angle  of  incidence  on  the  sur- 
faces (since  the  reflecting  loss  increases  greatly  with  a  greater  angle  of 
incidence).     (6)  The  absorption  characteristics  of  the  refracting  materials 
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used  for  the  particular  region  of  the  spectrum.  (Grating  instruments 
are  seldom  used  for  photochemical  or  biological  purposes,  where  high 
intensity  is  required.)  For  example,  a  single  quartz  monochromator 
yielded  a  transmission  of  40  per  cent  at  2250  A  and  rose  to  50  per  cent 
at  6000  A. 


Fig.  6. — Monochromatic  illuminators,  (a)  Single  monochromator,  showing  con- 
densing system.  (6)  Double  monochromator.  Two  single  monochromators  may  be 
combined  in  tandem.  Where  a  special  instrument  is  built,  field  lenses  FFi  are  used,  wave- 
length change  being  accomplished  by  a  motion  of  slit  Si. 

In  addition  to  the  radiation  which  forms  a  part  of  the  true  image 
falling  on  the  second  slit,  radiation  of  other  wave-lengths  also  falls  upon 
the  slit,  which  arises  from  surface  imperfections,  bubbles,  and  inhomo- 
geneities  of  the  refractive  material  within  the  optical  parts,  together  with 
light  returned  to  the  beam  by  surfaces  not  intended  to  contribute  to  the 
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illumination.  In  a  well-constructed  instrument,  this  usually  amounts  to 
about  1  per  cent  in  the  vicinity  of  a  strong  region  of  emission,  i.e.,  spectral 
line.  That  is,  a  background  of  intensity  where  there  should  be  no  radi- 
ation will  exist  to  about  1  per  cent  of  the  intensity  of  the  strong  line.  In 
instruments  constructed  of  fused  material,  containing  striations,  this 
impurity  may  be  many  times  greater.  For  most  critical  work,  a  double 
monochromator  should  be  used  (see  Fig.  6(6)),  the  radiation  from  one 
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Fig.    7. — Comparison    of  spectra,    using    single    and    double    monoohromators   at   the 

same    slit    width.      Full    line  shows    single    monochromator.      Dotted    line    shows    double 
monochromator. 


monochromator  passing  through  a  second  monochromator,  the  second 
slit  of  the  first  monochromator  serving  as  the  first  slit  of  the  second. 
Where  no  change  in  slit  width  is  made,  the  scattered  light  will  then  be 
reduced  to  one-fourth  of  its  original  value.  The  total  transmission  of 
the  instrument  now  becomes  16  to  25  per  cent,  but  in  a  properly  con- 
structed double  monochromator,  the  resolution  (purity)  will  be  doubled 
without  change  in  slit  width.  Figure  7  (57)  shows  the  observations  of 
mercury-arc  spectrum  with  one  monochromator,  and  the  dotted  line 
shows  the  spectral  distribution  as  determined  with  two  identical  instru- 
ments combined  into  a  double  monochromator,  the  slit  widths  being 
unchanged. 
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The  slit  characteristics  of  an  instrument  are  extremely  important  in 
all  forms  of  monochromator.  The  second  slit  must  coincide  in  geo- 
metrical form  with  the  image  formed  by  the  optical  system  of  the  first 
slit,  or  else  the  normal  advantages  will  not  be  secured.  Since  the  range 
of  wave-lengths  yielded  by  the  instrument  is  critically  dependent  upon 
the  slit  width,  it  must  be  accurately  determined  and  readily  reproducible. 
In  prism  instruments,  the  off-axis  deviation  for  a  given  wave-length  is 
considerably  greater  than  that  of  the  central  point.  Consequently,  the 
image  formed  of  a  straight  first  slit  is  curved  thus  demanding  a  curved 
second  slit.  For  many  purposes,  it  is  more  convenient  to  work  with  a 
straight  second  slit.  It  may  therefore  be  desirable  for  the  curvature 
to  be  imposed  upon  the  first  slit.  In  order  to  secure  satisfactory  results, 
the  slits  must  be  so  adjusted  that  the  image  for  a  given  wave-length  falls 
precisely  upon  the  second  slit.  This  requires  adjustment  for  both  focal 
length  and  orientation.  Since  the  amount  of  energy  is  dependent  upon 
the  slit  length,  provided  it  can  be  illuminated  uniformly,  and  upon  the 
width  of  the  slits,  the  selection  of  suitable  slit  width  and  length  is  a 
matter  of  great  importance.  The  selection  of  suitable  slit  width  is,  of 
course,  dictated  by  the  spectral  purity  required,  while  the  slit  length  is  a 
matter  of  instrument  design. 

With  a  suitably  chosen  monochromator  placed  in  correct  adjustment, 
the  proper  illumination  from  a  source  must  be  secured.  With  some 
sources  it  is  feasible  to  bring  the  source  so  close  to  the  slit,  that  the  slit 
is  directly  illuminated  uniformly  over  its  extent  and  width,  and  that  the 
solid  angle  subtended  by  the  collimating  lens  is  more  than  completely 
filled  from  all  portions  of  the  slit.  Such  an  arrangement  is  ideal,  since 
no  added  losses  are  incurred  by  the  intervention  of  a  condensing  lens. 
This  method  is,  however,  often  precluded  by  the  character  of  the  source, 
either  because  of  its  temperature,  in  that  it  cannot  be  brought  sufficiently 
close  to  the  slit,  or  because  it  does  not  present  an  extended  area  of  uniform 
brightness.  In  such  a  case,  it  is  customary  to  use  a  condensing  lens,  or 
lenses,  as  shown  by  Ci  and  C2  in  Fig.  6(a),  between  the  source  and  the  first 
slit,  which  forms  an  image  of  the  source  upon  the  slit.  In  general,  it 
is  then  desirable  that  a  uniform  portion  of  the  source  entirely  cover  the 
slit.  Any  convenient  magnification  or  reduction  of  the  image  formed, 
as  compared  to  the  source,  may  be  used,  provided  the  condensing  lens 
is  of  sufficient  diameter  and  subtends  a  uniformly  illuminated  area.  It 
is  necessary  that  the  condensing  lens  be  of  sufficient  diameter  that  the 
solid  angle  of  convergent  radiation  falling  upon  the  slit  be  greater  than 
the  solid  angle  subtended  by  the  collimating  lens.  A  safe  rule  is  that 
the  diameter  of  illumination  falling  upon  the  plane  of  the  collimating 
lens  be  twice  the  diameter  of  the  lens.  This  avoids  any  dangers  in  the 
case  of  using  narrow  slits,  from  inhomogeneity  of  illumination  due  to 
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the  diffraction  characteristics  arising  from  the  sUt.  In  absohite  intensity 
measurements,  it  is  necessary  to  take  into  consideration  the  transmission 
of  the  condenser  lens  as  well  as  that  of  the  monochromator.  A  third 
method  of  sUt  illumination  will  be  taken  up  more  specifically  in  connection 
with  absolute  measurements  of  intensity  of  source,  the  above  providing 
methods  of  procedure  more  widely  applicable  to  various  problems. 

ABSOLUTE  MEASUREMENTS  OF  THE  INTENSITY  DISTRIBUTION  OF  RADIATION 
FROM   SOURCES   AS   A   FUNCTION    OF   WAVE-LENGTH 

Our  problem  is  to  determine  the  amount  of  energy  of  a  given  wave- 
length range  supplied  by  a  source  of  defined  extent  through  a  specified 
solid  angle.  We  are  thus  able  to  arrive  at  the  radiance  of  the  source 
for  a  given  wave-length,  this  corresponding  in  radiometric  measurements 
to  the  quantity  termed  brightness  in  photometric  measurements.  A 
knowledge  of  this  quantity  will  enable  us  to  determine  the  irradiation 
provided  by  the  source  under  various  conditions. 

One  method  is  to  use  a  source  whose  area  can  be  determined,  at  a 
sufficient  distance  from  the  first  slit  that  the  solid  angle  of  illumination 
thus  provided  less  than  fills  the  lens  and  prism  system.  The  dimensions 
of  the  source  thus  determine  the  aperture  utilized.  The  slit  area  deter- 
mines the  solid  angle  of  radiation  measured  from  any  point  on  the  source. 
One  obtains,  therefore,  an  average  value  of  the  radiance  of  the  exposed 
source.  If  a  black-body  detector,  such  as  a  thermocouple,  is  used,  the 
energy  escaping  from  the  second  slit  may  be  completely  absorbed  by 
the  thermocouple.  The  thermocouple-galvanometer  sensitivity  may 
then  be  determined  by  comparison  with  the  total  radiation  from  a  stand- 
ard lamp.  This  comparison  provides  the  information — energy  per 
second  for  a  given  galvanometer  deflection.  Multiplying  the  deflection 
observed  by  this  factor,  one  obtains  the  radiant  power  from  the  second 
slit  of  the  instrument  under  the  conditions  specified.  Dividing  this  by 
the  transmission  of  the  instrument,  one  obtains  a  value  for  the  radiant 
power  Ps  passing  through  the  first  slit,  provided  the  second  slit  has  been 
so  adjusted  that  it  does  not  obstruct  the  energy  of  the  given  wave-length. 
Dividing  this  value  by  the  solid  angle  subtended  by  the  slit,  one  obtains 
the  radiant  intensity  (watts  per  steradian).  Or  dividing  by  the  area  As 
of  the  slit,  one  obtains  the  irradiation  (watts  per  square  centimeter) 
provided  by  the  source  at  that  distance.  If  one  wishes  to  determine 
the  radiance  R,  one  must  further  divide  the  radiant  intensity  (watts  per 
steradian)  by  the  projected  area  A  of  the  source.  In  the  case  where  the 
source  is  a  selective  emitter,  the  instrument  has  been  adjusted  for  a 
given  wave-length,  and  all  other  wave-lengths  excluded  by  the  second 
slit.  One  now  has  all  the  necessary  data  on  the  source  for  the  wave- 
length indicated. 
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Fig.  8. — Intensity  distribution  from  high-intensity  mercury  arc.  Ordinatea  give 
/iw./cm.2  irradiation  at  25  cm.  from  a  20-mm.  exposed  midsection  of  a  250-volt  arc,  operated 
on  143.5  volts  and  4.5  amp.  Abscissas  give  wave-lengths  on  prismatic  scale,  increasing 
to  the  right,  with  photographic  spectrum  below.  Spectral  identification  shown  diagram- 
matically.     {From  MeAliater,  50.) 
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If,  however,  one  is  working  with  a  continuous  source,  the  value 
obtained  is  representative  of  a  wave-length  band,  the  extent  being  deter- 
mined by  the  sUt  width  and  dispersion  of  the  instrument.  Further 
experiments  are  necessary  in  order  to  evaluate  the  effective  wave-length 
range.  This  may  be  done  either  analytically  or  by  the  use  of  an  auxiliary 
spectrograph  or  monochromator. 

An  example  of  absolute  measurement  of  the  spectral  characteristics  of 
a  source  is  furnished  by  the  measurements  on  the  quartz  mercury  arc 
by  McAlister,  and  illustrated  in  Fig.  8  (50).  These  data  are  given  in 
terms  of  the  irradiation  at  25  cm.,  furnished  by  a  20-mm.  midsection  of  a 
250-volt  uviarc,  operated  on  143.5  volts,  4.5  amp.,  the  temperature 
having  been  maintained  to  provide  these  characteristics. 

If  a  condensing  lens  is  used,  the  limiting  aperture  must  be  determined. 
If  the  prism  of  the  monochromator  provides  the  limiting  aperture,  its 
projected  area  at  the  condenser  can  be  computed.  This  area,  together 
with  the  distance  of  the  condensing  lens  from  the  source,  determine  the 
solid  angle.  The  region  of  the  source  imaged  upon  the  slit  determines 
the  projected  area  of  the  source  contributing.  If  this  image  is  magnified 
or  reduced,  the  magnification  factor  must  be  taken  into  account  in  com- 
puting the  effective  area  of  the  source,  i.e.,  the  slit  area  must  be  divided 
by  the  magnification  due  to  the  condensing  lens. 

In  determining  the  radiance  R  one  proceeds  as  follows:  The  radiant 
power  Ps,  passing  through  the  first  slit  is  divided  by  the  soUd  angle 
(determined  by  the  projected  area  of  the  limiting  aperture  on  the  con- 
densing lens  and  the  distance  of  the  condensing  lens  from  the  source). 
One  thus  obtains  the  radiant  intensity.  This  in  turn  is  divided  by  the 
projected  area  of  the  effective  source  (slit  area  vl, /magnification  Mc  of 
the  condenser).     Thus 

J,  PsMc 

The  first  method  outlined  may  be  preferable  provided  sufficient 
energy  is  available  for  measurement.  The  second  method  must,  how- 
ever, be  resorted  to  for  weak  sources.  In  practice,  often  a  combination 
of  the  two  is  used,  the  absolute  values  for  strong  lines  being  obtained 
by  the  first  method  and  the  values  for  the  weaker  lines  interpolated 
by  the  second  method.  This  procedure  was  followed  by  Dr.  McAlister 
in  the  work  illustrated. 

The  type  of  undertaking  described  above  is  one  of  the  most  difficult 
in  optical  practice.  Such  determinations  cannot  be  made  unless  exten- 
sive preparation  and  a  great  deal  of  time  are  devoted  to  them.  This 
accounts  for  the  fact  that  so  few  absolute-energy  data  are  available 
concerning  even  the  most  frequently  used  sources. 
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Qualitative  data,  however,  are  available  for  most  sources,  in  most 
cases  photographic  spectrograms,  where  on  reduction  the  intensity  is 
indicated  by  an  arbitrary  specification  from  1  to  100.  In  general,  the 
plate  sensitivity  is  either  not  indicated  or  is  only  roughly  determined. 
For  certain  restricted  types  of  spectroscopic  investigation,  photographic 
methods  have  been  highly  developed.  These  methods  present  even 
greater  complexities  than  do  the  radiometric  methods.  For  the  pro- 
cedure of  this  method,  the  reader  is  referred  to  the  work  of  Harrison 
(36,  37). 

In  the  methods  outlined  above,  it  has  been  assumed  that  a  black-body 
detector  has  been  used  in  conjunction  with  a  monochromator.  Since 
such  black-body  detectors  of  adequate  sensitivity  require  calibration  by 
means  of  a  known  source  of  total  radiation,  we  must  be  provided  with  a 
standard  lamp.  If  a  source  is  available,  known  as  to  wave-length 
distribution  of  intensity,  a  somewhat  simpler  procedure  is  available,  that 
of  differential  comparison.  The  unknown  source  may  be  interchanged 
with  the  known  source,  either  mechanically  or  by  a  suitable  optical  sys- 
tem which  provides  an  identical  method  of  illumination.  Thus,  a  black 
body  of  known  temperature  may  be  interchanged  with  any  continuous 
source  of  radiation.  Then  one  obtains  simply  a  factor  (aperture,  trans- 
mission, and  resolution  all  canceling  out).  Or  again,  an  accurately 
calibrated  mercury  arc  may  be  interchanged  with  a  mercury  arc  of 
unknown  intensity  distribution.  If,  however,  a  selective  emitter,  such 
as  a  mercury  arc,  be  compared  with  a  continuous  source,  such  as  a  black 
body,  care  must  be  taken  to  take  duly  into  account  the  fact  that  the 
radiation  from  the  continuous  source  occupies  a  wave-length  range 
greater  than  the  resolution  of  the  instrument,  while  the  selective  emission 
of  a  given  line  occupies  a  wave-length  range  less  than  the  resolution  of 
the  instrument.  Thus,  in  the  case  of  the  selective  source,  a  change  of 
slit-width  only  changes  the  area  over  which  radiation  is  subtended,  the 
second  slit  merely  obstructing  extraneous  wave-lengths.  In  the  case 
of  the  continuous  emitter,  the  second  slit  restricts  the  wave-length  band 
which  escapes  the  monochromator.  Furthermore,  in  calculating  the 
extent  of  this  band,  one  must  take  into  account  the  intensity  distribution 
according  to  wave-length  of  such  transmitted  radiation,  integration  being 
performed  over  the  wave-length  range.  For  the  substitution  method, 
provided  that  one  is  using  similar  types  of  sources  and  that  the  slit  width 
is  such  that  no  appreciable  change  in  sensitivity  takes  place  over  the 
range  of  wave-lengths  involved,  selective  detectors  may  be  used  instead 
of  a  black  body.  It  is  necessary,  however,  either  to  assure  oneself  that 
the  response  is  linearly  proportional  to  the  power  received,  or  if  nonlinear, 
that  the  detector  be  calibrated  for  power  as  a  function  of  deflection. 
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DETERMINATION    OF    ABSORPTION    CHARACTERISTICS    OF    TRANSPARENT    OR 
PARTIALLY    TRANSPARENT    MATERIALS 

This  second  general  type  of  problem  presents  far  less  difficulty.     The 
material  the  characteristics  of  which  are  to  be  determined  may  be  intro- 
duced either  before  or  after  the  monochromator,  depending  upon  the 
characteristics  of  the  sample.     If  the  material  presents  optical  parallel  sur- 
faces, and  produces  no  appreciable  scattering  of  the  radiation,  it  may  be 
introduced  either  in  a  parallel  beam  or  in  a  somewhat  convergent  beam, 
provided  compensating  focal  adjustment  is  made.     The  former  method 
is  preferred.     In  this  case,  one  may  use  a  compound  condensing  lens, 
such  as  Ci  and  C2  in  Fig.  6,  made  up  of  two  parts  separated  by  a  sufficient 
distance  that  the  material  may  be  placed  between  the  two  components, 
being  illuminated  in  this  way  by  parallel  light  and  so  producing  no 
appreciable  change  in  the  focal  length  of  the  condensing  lens.      (A  slight 
change  is  actually  produced  because  of  the  effective  change  in  separation 
of  the  components.     However,  in  general  this  may  be  neglected.)     If 
the  material  whose  transmission  characteristics  are  to  be  determined 
cannot  be  secured  in  sufficient  size  as  not  to  restrict  the  aperture  of  the 
condensing  lens,  it  may  be  necessary  to  place  the  sample  close  to  the  slit, 
making  compensating  focal  adjustment  for  focal  condition  of  the  con- 
denser system.     In  any  method  which  places  the  sample  before  the  slit, 
care  must  be  taken  that  the  image  of  the  source  upon  the  sht  is  not 
displaced,  as  such  displacement  may  place  upon  the  slit  an  element  of 
area  of  different  radiance.     If  one  is  dealing  with  material  which  not  only 
absorbs  but  scatters,  the  figure  obtained  for  absorption  will  represent 
loss  both  by  absorption  and  by  scattering,  as  the  spectrograph  system 
will  effectively  exclude  most  of  this  scattered  radiation.     In  case  of 
scattering,  if  one  wishes  to  obtain  a  figure  for  absorption  alone,  it  is 
necessary  to  use  a  detector  of  very  much  larger  receiver  area  than  the 
beam  incident  upon  the  sample.     Ideally,  such  a  detector  should  be 
either  a  hollow  inclosure  with  a  sufficiently  large  opening,  or  a  portion 
of  a  spherical  surface  of  sensitive  material  whose  radius  of  curvature  lies 
approximately  at  the  center  of  the  sample.'     The  thickness  of  the  sample 
should  be  small  compared  with  the  diameter  of  the  beam.     The  portion  of 
the  spherical  surface  must  be  large  enough  to  include  practically  all 
scattered  radiation.     Even  under  these  favorable  conditions,  the  appar- 
ent transmission  will  be  lowered  owing  to  the  greater  path  traveled  by 
the  deviated  radiation.     The  rigorous  analysis  of  such  cases  is  beyond 
the  scope  of  this  discussion.     A  comprehensive  treatment  of  such  cases 
has  been  prepared  by  Mestre  (53).     Calculations  of  characteristics  for 
nonscattering  solid  or  fiquid  material  are  made  according  to  Tables  5 
and  6,  respectively. 
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PROVISION    FOR    MONOCHROMATIC    IRRADIATION    OF    MATERIALS 

In  this  case,  the  combmation,  source  phis  monochromator,  becomes  the 
source  of  monochromatic  radiation.  The  second  sUt  of  the  mono- 
chromator may  be  treated  as  a  new  source.  Where  selective  emitters 
are  used  and  the  resokition  of  the  instrument  is  such  that  only  a  single 
line  passes  through  the  second  slit,  the  wave-length  range  of  major 
intensity  is  limited  by  the  inherent  line  width,  which  for  all  practical 
photochemical  or  biological  work  may  be  neglected,  the  only  impurity 
being  the  scattered  radiation  discussed  above.  If,  however,  a  continuous 
source  is  used,  the  wave-length  range  will  depend  upon  the  slit  adjust- 
ment and  dispersion  of  the  instrument.  With  a  single  monochromator 
of  10  cm.  focal  length,  a  quartz  prism  of  60-deg.  angle,  and  0.1-mm. 

o  o 

slit  width,  the  wave-length  band  will  range  from  roughly  5  A  at  2250  A 

o  o 

to  200  A  at  6500  A.  With  the  double  monochromator,  wave-lengths 
will  be  restricted  to  one-half  this  range.  This  is  offered  only  to  give  a 
rough  idea  of  the  practical  values  available.  For  twice  the  slit  width, 
there  would  be  four  times  the  wave-length  range  and  correspondingly 
greater  intensity. 

The  outstanding  difficulties  presenised  by  such  a  source  are:  (a)  The 
size  of  the  source  is  limited  to  the  size  of  the  slit,  namely,  from  0.1  to 
2.0  mm.  in  width,  and  from  1.0  to  5.0  cm.  in  length,  depending,  of  course, 
on  the  size  of  the  instrument  and  the  purity  required.  (6)  The  solid 
angle  of  available  radiation  from  such  a  source  is  again  limited  by  the 
numerical  aperture  of  the  instrument,  (c)  Practical  considerations  of 
expense. 

In  using  such  a  source,  a  secondary  black-body  detector,  such  as  a 
thermocouple,  may  be  used  to  evaluate  the  power  output  by  direct 
comparison  with  the  total  radiation  from  a  standard  lamp.  In  practice, 
however,  it  is  desirable  to  use  a  secondary  control  either  upon  a  portion 
of  the  beam  from  or  through  the  spectrograph,  or  directly  upon  the 
radiation  from  the  source.  Any  type  of  dependable  detector  may  be 
used  for  this  purpose.  A  photocell  is  often  placed  near  the  slit  or  con- 
densing lens  and  read  at  intervals  during  the  exposure  in  order  to  evaluate 
the  changes  and  fluctuations  in  the  source.  This  enables  one  to  make 
correction  on  intensities  determined  before  and  after  exposure.  In  such 
irradiation  experiments,  it  may  be  desirable  to  know  not  only  the  power 
output  which,  of  course,  enables  one  to  compute  radiance  and  irradiation 
at  the  sample,  but  also  the  amount  of  absorbed  energy. 

Two  general  methods  for  evaluating  the  amount  of  absorbed  energy 
present  themselves:  (a)  To  evaluate  by  computation  from  a  knowledge 
of  the  absorption  characteristics  of  the  sample  and  the  irradiation  pro- 
vided.    (6)  To  make  black-body  determinations  of  radiation  incident 
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upon  and  emergent  from  the  sample.  A  further  precaution  is  necessary 
in  that  if  appreciable  diminution  of  intensity  takes  place  throughout  the 
sample,  different  portions  of  the  sample  are  then  subjected  to  different 
intensities  of  radiation  and  consequently  to  different  resulting  effects, 
which  in  most  cases  depend  upon  the  (time  X  intensity)  dosage  for  a 
given  wave-length. 

The  determination  of  the  absolute  sensitivity  of  a  selective  detector 
as  a  function  of  wave-length  is  important  in  view  of  the  great  sensitivity 
available  in  such  commercial  detectors,  photocells,  for  example.  Pro- 
vided with  a  source  of  monochromatic  radiation  of  any  desired  wave- 
length, the  procedure  is  simple.  The  intensity  of  the  radiation  for  each 
wave-length  is  determined  as  has  been  indicated  in  this  section,  and  the 
response  of  the  detector  measured.  If  such  a  detector,  however,  presents 
an  extended  area,  the  sensitivity  should  be  determined  for  each  portion 
of  the  area,  since  marked  differences  may  exist  for  different  parts. 

FILTERS  AND  REFLECTORS 


FILTERS 


In  a  large  range  of  biological  experiments,  the  objections  indicated 
above,  due  to  either  the  size  of  the  organism  or  the  intensity  require- 
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ments,  may  be  such  as  to  prohibit  the  use  of  the  monochromator  tech- 
nique. One  is  then  driven  to  the  use  of  extended  sources  together  with 
filters.  Long  discharge  tubes  or  a  multiplicity  of  incandescent  lamps 
may  serve  to  provide  such  a  source.  For  this  purpose,  it  will  be  desirable 
to  examine  the  types  of  filters  available.  Very  few  satisfactory  filters 
can  be  secured  which  transmit  only  a  restricted  region  of  spectrum. 
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A  wide  range  of  filters  is  available,  however,  which  cut  off  all  shorter 
wave-lengths  and  transmit  all  longer  wave-lengths.  For  convenience, 
these  will  be  termed  short-wave  cut-off  filters.     The  transmission  curves 

o 

typical  of  such  filters,  varying  in  cut-off  from  6500  to  2200  A  are  indi- 
cated in  Fig.  9.  Table  10  (39,  cf.  pages  458-459)  gives  specifications  of 
filters,  chiefly  glass  (Corning)  and  gelatin  (Eastman  Kodak  Company) 
and  approximate  short-wave  cut-offs  from  7200  to  900  A.  The  cut-off 
indicated  is  for  practically  no  transmission. 

A  quantitative  criterion  would  be  valueless  because  of  the  unavoidable 
variability  of  the  material.  Liquid  filters  of  similar  characteristics  are 
available.     For  shorter  wave-lengths  than  2000  A,  the  absorption  due  to 


2P00  4.000  6,000  8.000  10,000  12,000  14,000  A 

Wave -Lenoj+h 
Fig.    10. — Heat-absorbing   filters.     Full-line  curves   show    copper   chloride  in   1.0  cm. 
cell:     1.   One-tenth    normal.     2.   One-fourth    normal.     3.   One-half    normal.     4.    Normal. 
Dotted  curves  are  glass  filters.      {Corning.) 

A,  Heat  resisting,  heat  absorbing,  extra  light  shade,  2.75  mm.  in  thickness.  B,  Ibid., 
light  shade,  2.66  mm.  C,  Ibid.,  light  medium  shade,  2.62  mm.  D,  Ibid.,  dark  medium 
shade,  2.97  mm.     E,  Ibid.,  dark  shade,  2.82  mm. 

air  must  be  taken  into  consideration.  Since  many  photochemical  reac- 
tions present  a  long-wave-length  threshold,  i.e.,  do  not  proceed  for  any 
longer  wave-lengths  and  do  proceed  for  shorter  wave-lengths,  short-wave 
cut-off  filters  have  a  wide  range  of  applicability. 

It  is  often  desirable  to  exclude  infra-red  radiation,  and  for  this  purpose 
heat-absorbing  filters  must  be  used.  Glass  filters  are  available  whose 
transmission  characteristics  are  shown  in  Figure  10  by  dotted  curves, 
A  to  E.  For  many  types  of  experiments,  a  liquid  filter  made  of  copper 
chloride  or  copper  sulphate  may  even  better  serve  the  purpose.  Charac- 
teristics of  copper  chloride  (15)  are  indicated  by  curves  1  to  4.  Diffi- 
culties are  encountered  in  using  copper  sulphate  because  of  its  low 
solubility. 

For  many  types  of  experiments,  a  water  filter  may  suffice.  In  order 
to  enable  one  to  make  a  selection  of  suitable  thickness.  Fig.  11  has  been 
prepared,  indicating  the  percentage  transmission  and  also  the  energy 
transmitted  per  second  per  centimeter  wave-length  from  a  square  centi- 
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meter  area  of  a  tungsten  filament  lamp,  at  temperature  2755° K.  This 
is  roughly  equal  to  the  total  energy  emitted  by  a  100-watt  lamp  if  trans- 
mitted through  the  indicated  thicknesses  of  water,  since  the  area  of  the 
filament  is  about  1  cm.- 

Typical  band-pass  filters,  which  transmit  a  more  or  less  limited  wave- 
length range  are  shown  in  Fig.  12.  Since  in  practice,  one  often  wishes 
to  use  a  combination  of  selective  emitter  with  "monochromatic  filter," 
Table  11,  a,  b,  and  c,  has  been  prepared,  showing  some  of  the  possi- 


,9100  rr 


Wave  Length 
10.000         12.000 


14,000         16,000 


E.000       4,000 


6.000 


8,000 


14.000 


16,000         18,000     20,000  A 


10,000  I2p00 

Wave    Length 

Fig.  11. — Upper — transmission  of  water  of  cell  thicknesses:  1.  0.1  cm.  2.  0.5  cm. 
3.  1.0  cm.  4.  2.0  cm.  5.  5.0  cm.  6.  10.0  cm.  7.  20.0  cm.  8.  100.0  cm.  Lower — 
transmitted  radiation  in  ergs  sec. /cm. ^  from  tungsten  lamp  at  approximately  2755°K., 
for  corresponding  cell  thicknesses.      (0.  direct.) 

bilities  of  such  combinations.  With  a  250-volt  uviarc,  operated  on  143.5 
volts  and  4.5  amp.  at  25  cm.,  one  obtains  from  a  2-cm.  midsection  the 
irradiation  values  indicated  (50).  By  means  of  this  table,  it  is  possible  to 
compute  for  a  given  distance  and  length  of  arc,  intensities  available  for 
such  a  combination.  Since  the  radiance  is  fairly  uniform  over  the  length 
of  the  tube,  one  may  simply  multiply  by  the  relative  length  exposed. 
Other  wave-lengths  of  monochromatic  radiation  may  conveniently 
be  obtained  from  helium  and  hydrogen.  Since,  however,  such  sources 
are  not  subject  to  any  degree  of  standardization,  it  is  possible  to  give 
only  order-of-magnitude  ideas  as  to  intensities.  At  different  operating 
conditions  of  voltage  and  current,  line  intensities  vary  in  both  absolute 
and  relative  magnitude.     Intensities  indicated  must  not  be  used  as  the 


164 


BIOLOGICAL  EFFECTS  OF  RADIATION 


basis  for  quantitative  experimentation.  They  are  intended  only  as  a 
convenience  to  aid  in  the  selection  of  suitable  equipment.  A  convenient 
group  of  liquid  and  glass  filters  is  offered  by  Wood  (68).  Note  especially 
the  long-wave  cut-off  filter  No.  2,  Fig.  13. 

A  third  type  of  filter,  the  Christiansen  filter,  has  been  subject  to  a 
limited  use.     It  consists  of  a  finely  divided  transparent  solid,  immersed  in 


2,000 


1,000 


4000 


5000 


^000       iqooo       11,000     i2,oooa 


6,000  /;000  8,000 

Vave-  Lengfh 

Fig.  12. — Monochromatic  filters:  1.  Red  purple  ultra-violet  transmitting,  5.89  mm. 
(thickness).  2.  Heat  resisting  red  247%,  3.49  mm.  Light  shade  blue  green,  3.11  mm., 
Code  428.  3.  Heat  resisting  red  shade  yellow,  3.38  mm..  Code  348.  Dark  shade  blue 
green,  3.70  mm..  Code  430.  4.  Heat  resisting  yellow  shade  yellow,  2.66  mm.,  Code  351. 
Didymium,  5.05  mm..  Code  512.  Dark  shade  blue  green,  3.59  mm.,  Code  430.  5.  Noviol 
A,  3.06  mm.,  Code  0.38.  Violet,  3.25  mm..  Code  511.  6.  Noviol  O,  2.15  mm..  Code  306. 
Red  purple  ultra,  6.00  mm..  Code  597.  Light  shade  blue  green,  3.98  mm..  Code  428. 
7.  Light  blue  nultra,  1.50  mm..  Code  534.  Red  ultra,  4.04  mm.,  Code  584.  Light  shade 
blue  green,  3.91  mm.,  Code  428.     8.  Red  ultra,  8.87  mm..  Code  584. 

a  liquid  whose  dispersion  is  much  greater,  but  whose  index  of  refraction 
coincides  with  that  of  the  solid  at  some  wave-length.  That  particular 
wave-length  will  be  transmitted  without  deviation  if  the  cell  is  made  with 
parallel  windows.  All  other  wave-lengths  will  be  scattered.  If  such  a 
filter  is  placed  in  an  optical  system,  with  a  limited  source,  preferably 
circular,  and  a  restricting  diaphragm  placed  at  the  image  of  the  source, 
most  of  the  scattered  light  will  be  lost  and  a  fairly  monochromatic  beam 
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5  6 

Ultraviolet  Violet  Green    Yellow  Red 

Fig.  13. — Filters  recommended  by  R.  W.  Wood.  (Wood,  68.)  1.  Cobalt  chloride  in 
alcohol.  2.  Potassium  film  (see  his  paper  on  Optical  Properties  of  Metals).  3.  Praseodym- 
ium chloride.  4.  Neodymium  chloride.  5.  Uranine  (Na  salt  of  fluorescein).  6.  Cupram- 
monium.  7.  Cobalt  glass.  8.  Corning  signal  red  glass.  9.  Corning  G34  glass.  10. 
Corning  sextant  green.  11.  Signal  green  glass.  12.  Sodium  nitrate  (saturated  solution 
2  cm.).  13.  Corning  glass  984B.  14.  985B.  15.  G986A.  16.  Cyanosine.  17.  Potas- 
sium chromate.  18.  Copper  nitrate.  19.  Corning  glass  G586J.  20.  Cobalt  chloride  in 
acetone.  21.  Cobalt  sulphate  in  water.  22.  Nickel  chloride.  23.  Iodine  in  CCI4. 
24.   Nitrosodimethylaniline  in  water.     25.  Bromine  vapor.     26.  Chlorine. 
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o 

A 

Code 

No. 

Description 

Thickness 

3,889 

5,875  6,678 

10,829  A 

10.829 

254 

Heat  transmitting 
H2O 

3.5  mm. 

2  cm. 

% 
MW./cm.* 

0 
0 

0 
0 

0 
0 

26.0 

26.7 

6,678 

H.  R.  red,  67% 
H2O 

4.13  mm. 
20  cm. 

% 

0 
0 

0 
0 

68.0 

7.2 

0   1 

0,1 

5,875 

348 

H.    R.    red   shade 
yellow 
H2O 
CuClj,  Vi  N 

1 .35  mm. 
10  cm. 
1  cm. 

% 

;iW./cm.* 

0 
0 

42.0 
11.5 

5.4 
0.5 

0.1 
0,1 

3.889 

597 
512 

Red  purple  ultra 

Didymium 

H26 

3.76  mm. 
4.88  mm. 
20  cm. 

% 

juw./cm.2 

45,0 

2.8 

0 
0 

0.4 
0.04 

0 
0 

T.\BLE    lie 


0 

A 

Code 
No. 

Description 

Thickness 

4,101 

4,341 

4,862 

6,563  A 

6,563 

H.  R.  red,  93% 
H2O 

4,89  mm. 
10  cm. 

% 
jLiw./cm.' 

0 
0 

0 
0 

0 
0 

70.0 
70.0 

4,862 

338 
440 

Noyiol  C 
Signal  green 
H2O 

10  cm. 

% 
/iw./cm.'* 

0 
0 

0 
0 

32.0 
8.0 

0 
0 

75n 

{EK)    moderately 
stable 

% 
/iW./cm.* 

0 
0 

0 
0 

17.0 
4,3 

0 
0 

4,341 

038 

585 

Noviol  A 

Blue  purple  ultra 

H2O 

3,47  mm. 
10  cm. 

% 
/ivv./cm.'' 

0 
0 

23.0 

1,8 

1.3 
0.33 

0  2 
0.2 

obtained  through  the  diaphragm  aperture.  If  great  purity  is  to  be 
secured,  source  and  final  aperture  must  be  small.  Such  an  optical  system 
must  be  just  as  precise  as  that  of  a  spectrograph,  and  of  the  same  general 
characteristics,  the  Christiansen  filter  taking  the  place  of  the  prism.  It 
will  be  seen,  however,  that  source  and  emergent  aperture  must  be  limited 
in  both  directions,  while  in  a  spectrograph  the  sUt  need  only  be  narrow. 
Consequently,  the  Christiansen  filter  set-up  is  in  no  sense  superior  to  a 
monochromator.  It  has  the  following  objections:  (a)  It  is  critically 
dependent  upon  the  temperature-sensitive  dispersion  curve  of  the  liquid. 
In  most  cases,  the  wave-length  of  coincidence  of  indices  varies  some 
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100  A  per  degree,  and  consequently  the  cell  must  be  subjected  to  accurate 
thermostatic  control.  (6)  It  has  the  same  objections  as  the  monochro- 
mator  in  that  it  produces  only  a  limited  area  and  solid  angle  of  effective 
source. 

If  such  a  Christiansen  filter  is  used  with  extended  source  and  without 
a  small  restricting  aperture,  one  secures  a  wave-length  distribution  fairly 


Wave-  Length 
^000  6,000  7.000 


8,000  A 


Wave-Length 
6,000 


4,000 


^^  I.OxlO'^ 


5,000 


aoooA 


eiOOO  7000  8,000  A         5,000  6,000  ^000 

Wave  -  Length  Wave-Length 

Fig.  14. — Effectiveness  of  Christiansen  filter:  Upper  left — transmission  of  filter: 
1.  small  area  illumination;  2.  large  area  illumination.  Upper  right — radiation  trans- 
mitted by  filters.  Lower  left — absorption  coefficient  a  base  10  of  chlorophyll  A  in  ether. 
Lower  right — radiation  absorbed  by  chlorophyll  A  solution  from  transmitted  beam, 
showing  maxima  both  in  region  of  maximum  transmission  and  also  in  region  of  maximum 
absorption.      Note  wave-length  shift  with  increased  area  of  illumination. 

narrow  at  one-half  intensity,  but  spreading  out  rapidly  at  low  intensities. 
This  is  more  aggravated  on  the  long  wave-length  side.  In  favor  of  the 
Christiansen  filter,  wave-length  bands  may  be  secured  anywhere  in  the 
visible  or  near  ultra-violet.  Wave-length  change  can  be  made  over  a 
limited  range  by  change  in  temperature,  and  over  a  wider  range  by  vary- 
ing the  liquid.  For  work  in  the  visible,  ordinary  optical  crown  glass, 
index  of  refraction  1.52  to  1.54,  serves  satisfactorily  as  the  transparent 
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solid,  and  mixtures  in  various  proportions  of  ethyl  alcohol,  index  1.36 
to  1.37,  benzene,  1.49  to  1.51,  and  carbon  disulfide,  1.62  to  1.635,  for 
the  liquid,  which  enables  one  to  obtain  any  desired  wave-length  of  coinci- 
dence. In  the  ultra-violet,  quartz  is  used  instead  of  glass.  Particles 
may  be  selected  of  fairly  uniform  size  anywhere  from  1  to  3  mm.  in 
diameter.  The  coarser  the  particles  the  thicker  the  cell  which  is  required. 
For  2-mm.  particles,  the  thickness  would  be  from  3  to  4  cm.,  depending 
upon  the  spectral  purity  required.  For  further  details,  the  reader  is 
referred  to  a  recent  paper  (45). 

Wherever  filter-source  combinations  are  used,  producing  a  spread  of 
intensities  over  a  wave-length  range,  it  must  be  borne  in  mind  that 
three  things  must  be  taken  into  consideration  in  arriving  at  an  inter- 
pretation of  observed  effects:  (a)  The  intensity  distribution  of  wave- 
length from  the  source.  (6)  The  transmission  characteristics  of  the  filter. 
(c)  The  absorption  characteristics  of  the  material  irradiated.  The  range 
of  wave-lengths  actually  effective  may  appear  surprisingly  different  from 
those  which  one  would  off-hand  expect  from  the  filter  characteristics. 

Consider  an  example  where  one  is  dealing  with  a  photochemical 
reaction  arising  from  chlorophyll  in  ether.  Thus,  in  Fig.  14a  (64)  we 
have  the  transmission  characteristics  of  two  Christiansen  filters,  (a)  where 
a  cell  of  4  cm.  thickness  is  placed  in  a  critical  optical  system  with  small 
restricting  apertures  (full  line),  and  (b)  (dash-dot)  where  a  cell  of  the  same 
thickness  is  placed  in  an  optical  system  composed  of  a  motion-picture 
projection-lamp  filament  and  a  mirror  producing  a  magnification  of  the 
source  to  an  area  of  4  cm.  wide  by  8  cm.  high.  Figure  146  shows  the 
radiation  transmitted  by  these  filters  from  a  100-watt  lamp,  assuming  all 
the  radiation  utilized.  (To  compute  the  radiant  power  per  centimeter 
wave-length  actually  available  one  would  have  to  multiply  by  the  frac- 
tion of  the  entire  solid  angle  subtended  by  the  filter.  If  a  lamp  of 
larger  filament  area,  but  the  same  temperature,  2755° K,  were  used,  this 
figure  should  be  multiplied  by  the  filament  area.  To  compute  total 
power,  one  must  integrate  over  the  wave-length  range,  taking  wave- 
length in  centimeters.)  Figure  14c  (70)  shows  the  absorption  coefficient 
(base  10)  or  specific  transmissive  index  of  chlorophyll  A  in  ether.  Figure 
lid  shows  the  energy  absorbed  by  chlorophyll  A  under  these  conditions 
(if  such  a  thickness  of  cell  and  concentration  is  used  as  to  absorb  75  per 
cent  at  the  red  maximum).  Curve  1  (d)  indicating  the  radiation 
absorbed  where  a  precise  optical  system  is  used,  presents  two  maxima, 
one  in  the  region  of  greatest  illumination,  and  the  other  occurring  in  the 
region  of  greatest  absorption.  Curve  2  (d)  shows  the  radiation  absorbed 
where  the  filter  has  been  used  to  produce  an  extended  area  of  illumination. 
(As  before,  the  figures  are  for  the  whole  solid  angle.)  Here  the  absorp- 
tion occurring  near  the  region  of  principal  illumination  has  been  shifted 
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markedly  to  longer  wave-lengths,  and  a  second  maximum  appears  of 
almost  coordinate  magnitude  in  the  region  of  maximum  absorption.  Of 
course,  a  similar  difficulty  will  be  encountered  wherever  filters  produce 
a  relatively  impure  spectrum.  In  a  case  where  the  absorption  coefficient 
of  the  material  irradiated  is  known,  an  interpretation  may  be  arrived  at, 
but  in  cases  where  one  is  irradiating  a  biological  material  of  unknown 
absorption  coefficient,  the  difficulties  of  interpretation  become  aggravated. 


REFLECTORS 

In  the  course  of  the  construction  of  equipment,  it  is  often  desirable 
to  select  suitable  materials  for  reflecting  radiation.     As  a  convenience, 
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Fig.  15. — Reflectance  of  polished  metals.      {Luckiesch,  47.) 


2,000     2,400       2.800 
Fig.  16 


J.200      3600      4,000      4,400       4,800       5,200      5,600      6,000 
Wave  Length  (A.U) 
Reflectance  of  dry  powders.      (Luckiesch,  47.) 


therefore,  we  are  including  curves  of  reflectance,  the  monochromatic 
determination  of  reflectance  for  wave-lengths  varying  from  2000  to 
6000  A.  Where  one  wishes  to  obtain  specular  reflection.  Fig.  15  (47)  shows 
the    types   of   metals   available   for    construction   of   reflectors.     More 
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recently,  aluminum  mirrors  have  been  developed  commercially  Avhich 
exhibit  a  much  higher  reflectance  over  the  entire  range  (better  than  80  per 
cent  in  the  ultra-violet,  and  exceeding  slightly  tarnished  silver  through- 
out the  visible).     Quantitative  data,  however,  are  not  yet  available. 

If  a  diffusing  surface  is  desired,  powders  may  be  applied  to  a  tacky 
varnish  surface  (Fig.  16,  shows  the  reflectance  of  the  various  materials). 


'2,000    2,400      2,800      3.200      3.600     4,000      4,400     4800      5,200     5,600    6,000 

Wave  Length 

Fig.  17. — Reflectance  of  commercial  paints.      (Luckiesch,  47.) 

In  case  commercial  paints  are  used,  selection  may  be  made  in  accordance 
with  Fig.  17  (47). 

SOURCES  OF  CONTINUOUS    EMISSION 


SUN 

Despite  the  extensive  development  of  artificial  sources  of  radiation, 
even  for  experimental  purposes  the  sun  must  be  considered  a  source  of 
primary  importance,  because  of  its  high  intensity  and  desirable  wave- 
length distribution.  The  chief  difficulties  which  one  encounters  in 
using  this  source  arise  from  the  great  variability  of  the  radiation  as  it 
reaches  the  surface  of  the  earth.  The  causes  of  this  variability  are  as 
follows:  variation  in  distance  from  sun  to  earth;  influence  of  the  earth's 
atmosphere,  affected  by  altitude  or  air  mass;  variability  of  water  vapor 
and  ozone ;  and  the  presence  of  materials  due  to  artificial  conditions  such 
as  dust  and  smoke. 

During  a  clear  summer  day  at  sea  level  (Washington,  D.  C),  the  total 
solar  radiation  received  on  a  horizontal  surface  varies  according  to  the 
dotted  curve  in  Fig.  18,  a  record  from  the  October,  1924,  Monthly 
Weather  Review  by  Kimball  (43,  cf.  page  478). 

A  portion  of  this  total  radiation  is  due  to  scattering  from  the  sky. 
While  the  sky  radiation  attains  a  maximum  at  noon,  its  relative  con- 
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tribution  is  greater  for  lower  sun,  when  the  direct  radiation  travels  a 
greater  air  path,  i.e.,  through  a  greater  air  mass.  The  contribution  of  sky 
radiation  is  shown  by  the  dash-dot  curve.  At  noon,  it  amounts  to 
12.5  per  cent  of  the  total,  i.e.,  the  direct  is  seven  times  the  sky  radiation. 
At  midmorning  or  midafternoon  it  amounts  to  20  per  cent  of  the  total, 
or  one  quarter  of  the  direct,  and  exceeds  the  direct  near  sunrise  and 
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PiQ,  18. — Record  of  total  solar  radiation  received  on  a  horizontal  surface,  Washington, 
D.  C,  on  July  11,  1924.  (Kimball,  43.)  Dotted  curve  shows  total  radiation.  Dash-dot 
curve  shows  sky  radiation. 

sunset.     Representative  values  from  the  same  source  are  given  in  Table 
12. 

Table  12. — Ratio  of  Direct  Solar  Radiation  Received  on  a  Horizontal  Surface 

TO  Diffuse  Sky  Radiation 


Solar  zenith  distance 

7.5 

25 

30 

48.3 

55 

60 

66.5 

70.7 

73.6 

75.7 

77.4 

78.7 

85.0 

Washington  D.C.  .  . 

7.02 

5.18 

4.02 

3.36 

2.97 

2.48 

2.11 

1.70 

Winter 

7.02 

5.18 

4.02 

3.36 

2.97 

2.48 

2.11 

1.70 

Spring 

8.72 

6.53 

4.87 

3.91 

3.10 

2.56 

2.14 

1.83 

1.53 

Summer 

4.25 

3.76 

3.18 

2.72 

2.25 

1.96 

1.71 

1.64 

1.50 

Madison,  Wis 

5.25 

5.25 

3.17 

3.00 

2.85 

1.94 

1.78 

Hump  Mountain.  .  . 

11.00 

8.97 

7.19 

6.78 

5.52 

5.33 

4.69 

4.13 

Mount  Wilson 

6 

27 

6.10 

6 

00 

5.08 

4.13 

3.90 

3.23 

2.70 

2.12 

1.62 

0.82 

The  maximum  intensity  commonly  attained  at  sea  level  for  the  lati- 
tude of  Washington  is  1.5  gm.  cal./min./cm.^  or  105  mw./cm.^.  For  high 
altitudes,  it  may  be  as  high  as  1.64  gm.  cal./min./cm.^  (Mt.  Whitney, 
4420  meters).  Even  a  light  cloud  over  the  sun  on  an  otherwise  clear 
day  may,  however,  reduce  the  total  radiation  to  one-third  of  its  clear 
value. 
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In  order  to  gain  an  idea  of  the  influence  of  dust  and  smoke,  we  may 
turn  to  the  Weather  Bureau's  records  for  Chicago  (Fig.  19).  October 
23  was  a  clear  day  with  the  strong  wind  purging  the  atmosphere  of  smoke. 
On  October  22,  dense  city  smoke  prevailed  until  10:51,  when  it  was  swept 
away  by  a  shift  of  the  wind.  October  26  shows  the  effect  of  combined 
smoke  and  clouds. 

From  the  high  intensities  attained  on  clear  days  in  June,  the  midday 
maximum  falls  to  a  lowest  value  in  December.  With  the  corresponding 
shortening  of  the  days,  the  total  energy  received  per  day  may  fall   to 
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Fig.  19. — Records  of  total  solar  radiation  received  on  a  horizontal  surface  at  the  University 

Observatory,  Chicago,  111. 

one-tenth  of  its  summer  value  for  average  sky  in  the  city.  [See  Kimball 
(44),  also  page  224,  for  a  group  of  typical  curves  of  seasonal  fluctuation  in 
total  daily  energy.]  For  an  average  sky  in  summer,  noon  intensity  com- 
monly reaches  1  gm.  cal./min./cm.^  at  sea  level. 

In  order  to  form  an  idea  of  the  spectral  distribution  of  direct  solar 
radiation.  Fig.  20  has  been  plotted,  showing  the  extrapolated  value  for 
radiation  outside  the  atmosphere  and  the  effect  of  successively  greater 
integral  air  masses.  Air  mass  is  defined  as  unity  for  the  sun  at  zenith 
(and  approximately  equals  the  secant  of  the  zenith  distance  for  the  other 
positions).  Only  the  outstanding  bands  of  atmospheric  absorption  are 
shown.  Those  in  the  infra-red  are  chiefly  due  to  water  vapor,  the  amount 
being  moderately  great,  1.37  cm.  precipitable  water.  These  curves  have 
been  prepared  from  Abbot's  data  (4)  and  are  intended  to  be  representa- 
tive of  an  average  day  in  Washington.     Note  the  marked  decrease 

o 

between  4000  and  5000  A  with  increasing  air  mass,  as  well  as  the  deepening 
of  the  infra-red  absorption  bands. 
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Contrast  with  this  the  high  altitude  records  for  Montezuma,  plotted 
for  the  small  precipitable  water  0.05  cm.  in  Fig.  21  (4). 


4.000         6,000  8,000  10.000         12,000-         14,000         16.000         18,000         20,000 

Fig.  20. — Spectral  distribution  of  radiation  from  the  sun,  outside  the  atmosphere,  and 
at  air  masses  1,  2,  3,  4,  and  5,  on  an  average  day  in  Washington,  precipitable  water  1.37  cm. 
Dotted  curves  indicate  distribution  from  artificial  sources,  i.e.,  radiation  from  100-watt 
tungsten  lamp,  at  approximately  2755°  K.,  same  through  3-cm.  water  cell,  through  3-cm. 
water  cell  and  the  following  filters  (all  heat-resisting,  heat-absorbing) :  extra  light  shade, 
2.75  mm.  (thickness);  light  shade,  2.66  mm.;  light  medium  shade,  2.62  mm.;  dark  medium 
shade,  2.97  mm.;  dark  shade,  2.82  mm.      (From  data  of  Abbot,  4.) 

These  curves  do  not  give  any  idea  of  the  wave-length  distribution 
below  4000  A,  i.e.,  in  the  ultra-violet.  From  1  to  5  per  cent  of  the  energy 
occurs  in  this  region.  A  typical  distribution  curve  of  relative  intensity 
for  wave-lengths  between  2900  and  3600  A  is  plotted  from    data    of 


VISIBLE  AND  NEAR-VISIBLE  RADIATION 


175 


Forsythe  and  Christison  (28),  Fig.  30.  The  shortest  detectable  wave- 
length is  near  2900  A,  varying  markedly  with  locality  air  mass,  and 
season.  Thus,  Dorno  reports  for  Davos  (46,  cf.  pages  36,  53)  that  the 
limit  varies  from  2973  A  at  midday  in  July  to  3093  A  in   December. 


4.000  6.000  8,000  10,000         12.000         14,000  16,000         18,000        20,000 

Fig.  21. — Spectral  distribution  of  radiation  from  the  sun,  outside  the  atmosphere,  and 
at  air  masses  1,  2,  3,  4,  and  5,  on  a  clear  dry  day  at  Montezuma,  precipitable  water  0.05  cm. 
{From  data  of  Abbot,  4.) 

o 

On  August  29,  1909,  the  value  at  noon  was  2963  A,  while  from  5  a.m.  to 
6  A.M.,  it  was  3202  A.  Even  with  sun  at  zenith,  the  fall  in  intensity  in 
proceeding  to  shorter  wave-lengths  is  extremely  great.  Laurens  (46, 
cf.  page  38)  gives  the  value  at  2929  A  as  only  1/10,000  of  that 
for   3140  A.     Consequently,  if  one  undertakes  to  evaluate  intensities 
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in  this  region,  the  type  of  long-wave  cut-off  employed  will  drastically 
hifluence  the  values  obtained. 


1250 
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4500 
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6000 


6500 


5500 
WAVE   LENGTH 

Fig.  22. — Sky  radiation,  intensity  in  arbitrary  units.      {Frojn  data  of  Abbot,  1.) 


7OO0  A 


9         10        11         12         I 
Hour 

Fig.  23. — Ultra-violet  radiation  on  clear  days.      {Zinc  sulfide  measurements  by  Clark,  18.) 

The  contribution  of  sky  radiation  is  much  greater  for  short  wave- 
lengths, as  will  be  seen  from  Fig.  22,  plotted  from  Abbot's  data  (1). 
The  sky  radiation  in  the  region  2900  to  3200  A  often  exceeds  the  direct 
radiation  even  for  high  sun. 
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Using  the  darkening  of  ZnS  as  a  detector,  Clark  (18,  cf.  page  246)  has 
observed  the  ultra-violet,  cut  off  by  a  microscope  slide  (see  curve  15, 
Fig.  9)  for  both  daily  and  seasonal  variation  at  Baltimore,  Md. 

Figure  23  (18)  shows  the  daily  fluctuation  for  clear  days  at  different 
representative  times  of  the  year.  It  will  be  noticed  on  comparison  with 
Fig.  18  that  the  ultra-violet  rises  more  sharply  to  a  maximum  and  then 
decreases  more  rapidly  than  the  total  radiation,  owing  to  the  greater 
influence  of  atmospheric  absorption. 


Oct  Nov.  Dec.  Jnn.  Feb.  March  April  May  June  Julj(  Aug,  Sep.    Oct.  Nov  Dec.  Jan.  Feb.   March  Apnl 

Fig.  24. — Seasonal    variatioa   in    ultra-violet   radiation.      {Zinc   sulfide  measurements  by 

Clark,  18.) 


The  annual  variation  in  ultra-violet  radiation  lags  somewhat  behind 
that  of  the  total  radiation,  as  will  be  seen  by  comparing  Clark's  values, 
Fig.  24,  with  those  of  Kimball  (page  224). 

The  variations  in  ultra-violet  intensity  and  short-wave-length  limit 
have  been  attributed  by  many  observers  to  the  absorption  of  atmos- 
pheric ozone.  According  to  Dobson  (18),  the  effective  depth  of  ozone  in 
the  atmosphere  amounts  to  0.3  to  0.5  cm.  at  normal  temperature  and 
pressure.  Figure  25  shows  the  seasonal  fluctuation  in  effective  depth 
observed  by  Dobson  at  Oxford  averaged  over  the  years  1925  to  1928, 
inclusive.  The  absorption  coefficients  for  ozone  under  standard  condi- 
tions are  given  by  curve  C,  upper  section  of  Fig.  2.  Corresponding 
percentage  transmissions  are  given  for  1.0  cm.  depth  at  the  right.  By 
shifting  this  scale  up  one-half  division,  one  obtains  the  value  for  0.3  cm. 
depth.     This  indicates  an  effective  cut-off  in  the  region  of  2900  A,  rising 
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to  1  per  cent  transmission  at  3000  A  and  50  per  cent  or  over  at  3100  A. 
From  this  crude  estimation,  we  see  that  such  a  theory  finds  support  in 
the  known  characteristics  of  ozone  absorption.  While  Dobson's  observa- 
tions have  been  obtained  by  ozone  determinations  in  the  ultra-violet, 
Wulf  (69)  has  shown  that  determinations  by  the  visible  ozone-absorption 
band  are  in  substantial  agreement.  The  fact  that  ozone  attains  its  least 
effective  depth  well  into  July  has  been  offered  as  the  explanation  for  the 
fact  that  the  ultra-violet  reaches  a  maximum  intensity  in  July,  whereas 
the  maximum  total  radiation  occurs  in  June.     The  ozone  theory  of  ultra- 
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25. — Seasonal  variation  in  ozone.      Effective  depth  in  centimeters  at  standard  con- 
ditions. 


violet   fluctuation    has   been    severely   attacked,    however,    by   several 
observers  (61). 

The  north-sky  radiation,  shown  in  Fig.  24,  represents  only  half  the 
solid  angle  and  less  than  half  the  sky  radiation,  as  the  scattering  is  greater 
near  the  sun,  which  for  this  latitude  generally  occurs  in  the  southern 
hemisphere. 

o 

For  the  region  between  2900  and  3130  A,  Coblentz  and  Stair  have 
determined  the  values  of  ultra-violet  radiation  given  in  the  curves  plotted 
by  Laurens  and  shown  in  Fig.  26  (46,  cf.  page  68).  (Values  given  in  the 
original  publication  (22)  were  increased  50  per  cent  on  later  calculations.) 
Here  it  will  be  seen  that  the  maximum  amounts  to  86  microwatts,  as 
compared  with  between  105  and  110  milliwatts  maximum  total  radiation 
for  Washington,  i.e.,  about  0.1  per  cent.  Clark's  value  for  a  somewhat 
greater  wave-length  range  shows  a  maximum  of  about  1  per  cent. 

In  summary,  we  may  say  that  less  than  0.1  per  cent  of  the  total 

o 

radiation  lies  short  of  3130  A,  1  to  5  per  cent  lies  in  the  ultra-violet,  from 
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41  to  45  per  cent  lies  in  the  visible,  and  from  50  to  58  per  cent  lies  in  the 
infra-red.  With  high  sun,  the  wave-length  of  maximum  intensity  per 
unit  wave-length  occurs  at  about  5000  A,  corresponding  roughly  to  a 
black-body  temperature  of  6000°K.  Abbot's  (6)  estimates  of  total 
radiation  outside  the  atmosphere  of  1.90  to  1.97  gm.  cal./min./cm.^ 
correspond,  however,  to  the  total  radiation  of  a  black  body  with  tempera- 
ture nearer  5000°K.  The  energy  reaching  the  earth  for  high  sun  com- 
monly varies  from  0.5  to  1.5  gm.  cal./min./cm.^.  With  decreasing  alti- 
tude of  sun,  the  increasing  air  mass  reduces  the  relative  intensity  of 
ultra-violet  and  blue,  as  compared  with  the  red  and  infra-red,  so  that  the 
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Fig.  26. — Average  ultra-violet  solar  radiation  intensities  of  wave-lengths  less  than  0..313/X. 

{Cohlentz  and  Stair,  46.) 


distribution  corresponds  to  a  lower  black-body  temperature.  Thus 
Abbot  computes  the  distribution  of  direct  solar  radiation,  equi\'alent  to  a 
black-body  (or  color)  temperature  varying  from  6300°K.  for  air  mass  zero 
to  2760°K.  for  air  mass  10.  The  sky  radiation,  however,  is  much  stronger 
in  the  blue  and  ultra-violet,  so  that  its  color  temperature  is  much  higher. 
Priest  found  for  Washington  that  this  varied  from  6000°  to  24,000°K. 
On  overcast  days,  it  is  near  the  lower  limit,  6300°  to  7000°K.  On  clear 
days,  the  usual  range  is  from  8000°  to  15,000°K.  Thus,  the  sky  con- 
tribution raises  the  color  temperature  of  total  radiation  over  the 
direct. 

Since  the  color  temperature  varies  markedly  with  air  mass,  or  height 
of  the  sun,  the  luminous  equivalent  varies  correspondingly.  Kimball 
gives  the  values  in  foot-candles  for  1  gm.  cal./min./cm.-. 
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Table   13. — Illumination  Equivalent   of  a   Gram  Calorie    per   Minute   per 
Square   Centimeter  of   Radiation   with  the   Sun   at   Different    Zenith 

Distances  (43,  cf.  page  479) 


Air  mass 

1.1 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

Solar  zenith  distance 

25 

47.3 

60.0 

67.6 

70.7 

73.6 

75.7 

77.4 

78.7 

Direct     solar     illumination, 

F.C 

7020 

6880 

6740 

6650 

6580 

6520 

6460 

6410 

6370 

Total  illumination  on  a  hori- 

zontal surface,  F.C 

7000 

6740 

6740 

6320 

6260 

6220 

6200 

6200 

6200 

Thus  we  obtain  for  1.5  gm.  cal./min./cm.-  10,500  foot-candles  as  the 
highest  vakie  commonly  attained  at  sea  level.  He  arrives  at  an  average 
value  6700  foot-candles  for  1  gm.  cal./min./cm.^,  which  is  somewhat 
low  for  high  sun,  and  high  for  low  sun.  From  this  value  for  1  gm. 
cal./min./cm.-,  we  obtain  103.0  lumens/watt  for  the  average  luminous 
efficiency  of  solar  radiation  (the  range  being  98  to  107  lumens/watt). 

Obviously,  no  black-body  or  tungsten-filament  source  could  simulate 
the  solar  distribution.  Daylight  glasses  and  also  solution  filters  have 
been  developed  which  give  requisite  color  temperature  in  the  visible,  but 
they  generally  fail  in  both  ultra-violet  and  infra-red.  For  the  sake  of 
comparison,  the  relative  distribution  has  been  plotted,  shown  by  dotted 
curves,  Fig.  20,  on  an  arbitrary  scale  for  a  tungsten  filament,  tempera- 
ture 2755°K.,  together  with  curves  for  combination  with  water  filter  and 
heat-absorbing  filters. 

TUNGSTEN    FILAMENT 

Undoubtedly,  the  most  convenient  artificial  source  is  the  tungsten 
lamp  filament.  It  differs  from  the  black  body  as  a  result  of  the  reflection 
of  the  metallic  surface  of  the  filament  which  of  course  contributes  to  a 
correspondingly  lower  emission  of  radiation.  For  convenient  comparison 
with  the  radiation  from  a  black  body,  the  radiation  from  tungsten  at 
the  same  temperature  has  been  plotted  in  dotted  curves  in  Fig.  3.  It 
will  be  seen  that  while  the  radiation  is  less  for  all  wave-lengths,  thus 
corresponding  in  magnitude  to  a  lower  temperature  black  body,  the  rela- 
tive distribution  of  intensity  according  to  wave-length  corresponds  to  a 
higher  temperature,  i.e.  the  maximum  occurs  at  a  shorter  wave-length, 
and  the  intensity  at  short  wave-lengths  is  greater  in  comparison  with  the 
long  wave-lengths.  This  arises  from  the  increase  in  reflectivity  with 
increasing  wave-length.  Table  7  gives  the  values  for  the  radiance  in 
erg/sec. /cm. ^/steradian/cm.  wave-length  in  a  direction  normal  to  the 
surface,  for  both  black  body  and  tungsten. 

Other  radiation  properties  of  tungsten  have  been  gathered  together 
in  Table  14  (29, 30).  Most  of  these  data  deal  with  the  convenient  conver- 
sion factors  by  which  one  obtains  the  values  for  tungsten  radiation  from 
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those  of  the  black  body,  which  is  the  underlying  basis  of  all  radiation 
measurements.  The  first  column  gives  the  actual  temperature  in  degrees 
Kelvin.  The  second,  spectral  emissivity,  is  the  ratio  of  the  radiance  of 
tungsten  to  that  of  the  black  body  at  the  same  temperature  for  0.665  n 
or  6650  A.  Thus  a  tungsten  filament  at  1000°K.  emits  0.456  as  much 
radiation  at  6650  A  in  the  red  as  would  a  black  body  of  that  temperature. 
From  the  third  column,  we  find  the  corresponding  value  of  0.486  for 
0.467  IX  or  4670  A  in  the  blue,  i.e.,  tungsten  emits  0.486  as  much  in  the 
blue  as  the  black  body  at  the  same  temperature.  The  fourth  column 
gives  the  average  relative  emissivity  e^  throughout  the  visible.  Thus 
tungsten  at  3000°K.  emits  44  per  cent  of  the  number  of  lumens  radiated 
by  a  black  body  at  that  temperature.  As  we  have  seen  from  Fig.  3, 
the  wave-length  distribution  of  tungsten  corresponds  to  a  higher  tem- 
perature of  black  body.  The  term  color  temperature  (eighth  column) 
gives  the  temperature  of  a  black  body  which  would  most  nearly  match 
that  of  tungsten  at  the  given  temperature,  in  relative  distribution  or 
color,  but  not  in  magnitude  (or  brightness).  Since  tungsten  emits  less 
for  all  wave-lengths  than  the  black  body  at  the  same  temperature,  it 
emits  still  less  in  comparison  with  the  black  body  at  the  color  tempera- 
ture, which  is  higher.  Thus,  we  find  the  color  emissivity  ec  (Column  5) 
which  is  relative  to  the  black-body  emission  at  the  color  temperature  less 
than  the  luminous  emissivity  e„.  As  has  been  noticed,  tungsten  emits 
much  less  relatively  in  the  infra-red  than  in  the  visible.  Hence  compar- 
ing the  total  emission  with  that  of  a  black  body  at  the  same  temperature, 
one  finds  a  much  lower  value  for  the  total  emissivity  et  than  for  the  lumin- 
ous emissivity  e^.  These  are  given  in  Column  6.  The  brightness 
temperature  (Column  7)  for  6650  A  is  the  temperature  for  which  the 
black  body  would  emit  the  same  luminous  intensity  as  tungsten  for  that 
wave-length.     These  values  are,  of  course,  always  lower. 

The  radiation  temperature  is  that  for  which  the  black  body  would 
jdeld  the  same  total  radiation.  From  Column  9  we  see  that  this  is  much 
lower  than  the  given  temperature.  The  radiant  flux  density,  sometimes 
termed  total  radiant  intensity  (Column  10)  enables  us  to  compute  the 
total  power  emitted  from  any  tungsten  surface  of  known  temperature  and 
area.  In  a  similar  way,  from  Column  11,  (normal  brightness  in  candles 
per  square  centimeter)  we  can  compute  the  candlepower  for  known 
temperature  and  area.  It  is  also  convenient  to  remember  that  this 
normal  brightness  is  equal  to  the  number  of  lumens/steradian/cm.^  in 
a  direction  normal  to  the  surface.  The  last  column  gives  the  lumens 
output  for  1  watt  input.  Since  most  of  the  electrical  energy  is  dissipated 
by  radiation,  this  is  close  to  the  value  for  the  relation  of  lumens  to  watts 
in  the  radiation. 

It  is  interesting  to  compare  these  values  with  those  of  solar  radiation, 
which  we   found   to  be  about   103   lumens/watt.     A  high-temperature 
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tungsten-filament  lamp,  3200°K.,  yields  only  one-third  of  this  value. 
However,  even  in  the  case  of  the  sun,  less  than  50  per  cent  of  the  energy 
lies  in  the  visible.  Furthermore,  since  the  blue  and  red  are  much  less 
effective  than  the  yellow,  it  is  not  surprising  to  find  the  total   (103 


Table  15. — Temperature,  Color  Temperature,  Brightness,  and  Efficiency  of 

Various  Incandescent  Lamps* 


Lamp 

Lumens/ 
watt 

Maximum 
tempera- 
ture, °K. 

Average 

color 
tempera- 
ture, °K. 

Maximum 

brightness, 

candles/ 

cm. 2 

Vacuum  lamps: 

50-watt  untreated  carbon 

2.5 
4.0 
4.9 
7.7 
9.8 
10.0 
10.1 

10.0 
11.8 
12.9 
15.2 

20.0 

21.2 

24.2 
27.3 
31.0 
31.0 

10.0 
11.2 

2095 
2130 
2180 
2355 
2450 
2460 
2465 

2685 
2735 
2760 
2840 

2990 
3020 

3185 
3290 
3350 
3350 

2860 
2960 

3065 
3105 

2080 
2195 
2260 
2390 
2493 
2504 
2509 

2670 
2705 
2740 
2810 

2980 
3000 

3175 
3220 
3300 
3300 

55 

50-watt  gem 

50-watt  tantalum 

78 
53 

10-watt  tungsten 

25-watt  tungsten 

40-watt  tungsten 

60-watt  tungsten 

Regular  gas-filled  lamps: 

50-watt 

128 
193 
206 
211 

469 

75-watt 

563 

100-watt 

605 

200-watt 

781 

300-watt 

500-watt 

1000-watt 

1225 

2000-watt 

1350 

Special  lamps: 

1000-watt  stereopticon 

2065 

900-watt  movie          

2660 

10-kw 

3050 

30-kw                          

3050 

Daylight  lamps: 

200-watt               

500-watt 

Photographic : 

750-watt                         

1500-watt 

*From  Forsythe  and  Watson  (29). 

lumens/watt)  much  less  than  the  maximum  luminous  efficiency  of  624 

o 

lumens/watt  at  5560  A. 

It  may  be  well  now  to  consider  some  of  the  difficulties  encountered  in 
using  tungsten  lamps.  Tungsten-filament  sources  are  subject  to  varia- 
tion resulting  not  only  from  the  difficulty  of  maintaining  a  constant 
current  through  the  lamp,  but  also  resulting  from  deterioration.     Deteri- 
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oration  produces:  (o)  An  increase  in  resistance  of  the  filament  due  to  loss 
of  metal  by  evaporation,  thus  changing  the  operating  characteristics  of 
the  lamp.  (6)  An  accumulation  of  metalhc  deposit  upon  the  walls,  thus 
introducing  effectively  a  filter  of  high  absorbing  power  which  varies 
markedly  in  its  characteristics  with  wave-length.  Furthermore,  it  is 
not  satisfactory  to  use  the  specified  temperature  of  a  lamp  for  certain 
operating  conditions  as  a  basis  for  assignment  of  corresponding  curves 
representing  radiation  as  a  function  of  wave-length.  It  is  necessary  that 
the  actual  operating  conditions  be  determined  at  the  time  of  the  exposure, 
unless  a  special  mode  of  procedure  has  been  carefully  followed.  A  lamp 
for  standardization  purposes  should  be  seasoned  for  a  considerable  length 
of  time;  second,  its  characteristics  for  different  operating  conditions 
should  be  accurately  determined  by  a  competent  laboratory;  third,  it 
should  be  operated  at  a  relatively  low  temperature;  and  fourth,  it  should 
be  very  little  used.  It  is  necessary,  therefore,  for  a  laboratory  under- 
taking careful  radiation  work  to  maintain  a  number  of  lamps  to  serve  as 
secondary  and  tertiary  standards  used  only  during  brief  intervals  of 
exposure.  Refer  to  Bureau  of  Standards  pubhcation  on  radiation  stand- 
ards (23).  Table  15  gives  data  on  a  number  of  commercial  lamps. 
For  further  information,  the  reader  is  referred  to  the  original  articles  (30). 

CARBON    ARC 

Carbon  arcs  offer  the  highest  available  artificial  temperatures, 
4000°K.  being  easily  attainable.  The  positive  crater  is  used  as  a  source 
of  continuous  radiation.  The  objections  to  these  sources  are:  (a)  They 
are  difficult  to  maintain  under  steady  operating  conditions,  owing  to  the 
gradual  deterioration  of  the  crater.  (6)  Absorption  and  emission  inevi- 
tably occur,  owing  to  the  hot  gases  surrounding  the  crater.  By  intro- 
ducing salts  into  the  core  of  the  carbon,  selective  emission  in  the  hot  gases 
may  be  taken  advantage  of  to  enrich  different  parts  of  the  spectrum. 
Extensive  literature  is  furnished  by  the  manufacturers,  on  wave-length 
distribution  of  available  impregnated  carbons. 

SOURCES  OF  SELECTIVE  EMISSION 

Electrical  discharge  through  gases  furnishes  a  class  of  sources  of  great 
value  in  radiation  work.  Such  sources  produce  relatively  pure  mono- 
chromatic radiation  at  a  number  of  particular  wave-lengths.  Thus, 
spread  out  in  a  spectrum,  lines  appear  corresponding  to  radiation  gener- 
ally extending  over  only  a  few  Angstroms  of  wave-length  range,  and  often 
over  only  a  fraction  of  an  Angstrom.  For  photochemical  purposes, 
these  may  be  considered  as  ideally  monochromatic,  their  width  being 
in  most  cases  far  below  the  resolution  of  a  monochromator  for  irradiation 
purposes. 
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Table  16. — Monochromator  MEAStTREMENTs  of  High-  and  Low-intenbity  Arcs 


Wave- 
length, 

A 


Galvanometer 
reading,  mm. 


High  int. 


2.7 
0.9 

161 

130 
4.5 

106 

62 
2.6 
183 

16 

110 
57 

29.5 

4.0 

10.7 


22 

4 

7 

0 

9 

5 

40 

5 

2 

7 

5 

4 

52 

15 

8 

2 

1 

1 

8 

5 

8 

4 

9 

4 

5 

1 

8 

1 

4 

0 

9 

0 

.7 

Low  int. 


0.06 
0.03 
3.73 
9.05 

0  03 

7.90 
4.80 
0.04 
5.50 
0.36 

5.10 

1  16 
1.05 
0.11 
0.33 


0 

44 

0 

18 

0 

16 

0 

86 

0 

04 

0 

07 

4 

73 

0 

44 

0 

06 

0 

03 

0 

14 

0 

11 

0 

07 

0 

03 

0 

06 

0 

04 

Absolute  intensity  250  mm.  from 

a  20-mm.  midsection  of  the  arc, 

fxw./cm..- 


6908 
6234 

5780 
5461 
4916 

4358 
4047 
3906 
3654 
3341 

3130 
3022 
2967 
2925 
2894 

2804 
2752 
2699 
2652 
2602 

2576 
2536 
2483 
2463 
2447 
2399 

2378 
2352 
2323 
2300 
2283 
2250 


Total  for  143.5  volts 

Total  corrected  to  150  volts 

Total  less  than  and  including  \  3.130 

for  143.5  volts 

Total  less  than  and  including  X  3,130 

(corrected  to  150  volts) 


High  int. 


7.5 
2.6 

468 

384 
13.5 

327 
195 

8.2 
585 
52 

359 

187 
97.1 
13.2 
35.4 


74 

7 

23 

4 

31 

9 

9 

2 

18 

4 

178 

54 

6 

7 

3 

6 

3 

20 

3 

17 

2 

15 

9 

6 

4 

5 

0 

3 

2 

2 

6 

3 , 302  3 
3.450 

1,303 

1,362 


High  int. 
new  arc 


473 
384 


353 
204 

643 
54 

377 
194 
95.1 


34.7 

71.7 


130 


154 
48.6 


23.3 

22.6 
16.7 


Low  int. 


0.17 

0.09 

10.85 

26.70 

0.09 

24.40 

15.10 

0.13 

17.60 

1.17 

16.70 
3.82 
3.46 
0.36 
1.09 


1 

47 

0 

60 

0 

54 

2 

91 

0 

14 

0 

24 

16 

20 

1 

52 

0 

21 

0 

10 

0 

49 

0 

39 

0 

25 

0 

11 

0 

21 

0 

14 

147.3 


51.0 


Amount  excluded  by 

barium  Hint  and 

transmitted  by  quartz 

water  cell,  ^w./cm.* 


High  int. 


0.0 
0.0 
0.0 
0.0 

0  0 

0.0 
1.5 
0.1 
17.6 
3.4 

321 

168 
86  5 
11.6 
31.2 

65.9 

20.6 

28.1 

121 

7.8 

14.7 
136 

37.8 
5.0 
4.3 

13.6 


11.0 
9.6 
3. 
2. 
1. 
1. 

126 
180 


Low  int. 


0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

0.12 

0.00 

0.53 

0.47 

14.92 
3.44 
3.08 
0.32 
0.96 

1.29 
0.53 
0.48 
2.56 
0.12 

0  19 
12.30 
1.05 
0.15 
0.07 
0.33 

0  25 
0  15 
0.06 
0.12 
0  08 


43  6 


For  "total  arc"  multiply  all  values  by  7.1 
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Fig.  27. — Intensity  distribution  from  a  low-intensity  mercury  arc.  Ordinates  give 
MW./cm.2  irradiation  at  25  cm.  from  a  20-mm.  exposed  midsection  of  a  250- volt  arc,  oper- 
ated on  44  volts  and  3.0  amp.  {From  data  of  McAlister,  50.)  Abscissas  wave-lengths  on 
prismatic  scale,  A/100.     Spectral  designation  indicated  below. 
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The  most  used  source  of  this  type  is  the  mercury  arc.  Efforts  have 
been  made  recently  by  the  Illuminating  Engineers'  Society  to  produce 
mercury  arcs  which  will  serve  as  rough  standards  of  monochromatic 
radiation.  The  intensities  of  the  Unes  for  these  arcs  have  been  measured 
and  agreement  secured  between  a  number  of  laboratories  to  about 
5  per  cent.     Such  sources  are,  however,  subject  to  variabiHty,  not  only 
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Fig.  28. — Near  infra-red  spectrum  from  a  horizontal  mercury  arc,  viewed  end-on,  operated 
at  86  volts  and  3.8  amp.      {From  data  of  McAlister,  49.) 

because  of  the  difficulty  of  maintaining  constant  operating  conditions  of 
voltage  and  temperature,  but  also  owing  to  the  variability  resulting  from 
the  changing  transmissivity  of  quartz  with  time  of  operation,  and  the 
gradual  deposition  of  metal  on  the  surfaces  because  of  the  gradual  destruc- 
tion of  the  electrodes. 

Absolute-intensity  data,  obtained  by  McAlister  (50),  on  such  an  arc 
at  two  different  conditions,  (a)  at  "high  intensity,"  143.5  volts  potential 
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drop  across  the  arc,  4.5  amp.  current,  and  (&),  at  "low  intensity,"  44  volts 
across  the  arc  and  3  amp.  current,  are  given  in  Table  16,  together  with 
data  on  a  new  arc  (Column  5)  for  comparison.  The  line  intensities  have 
also  been  show^n  graphically  for  the  high -intensity  condition  in  Fig.  8, 
those  for  the  low  intensity  in  Fig.  27.  Comparison  of  the  data  for  high- 
and  low-intensity  operation  indicates  the  drastic  change  in  both  absolute 
and  relative  distribution  resulting  when  the  current  is  dropped  from  4.5  to 
3  amp.  This  brings  out  the  absolute  necessity  of  maintaining  accurately 
controlled  operating  conditions. 

Figure  28  show^s  the  distribution  in  the  infra-red  for  another  type  of 
mercury  arc,  viewed  end-on.  For  complete  wave-length  and  intensity 
data,  the  reader  is  referred  to  the  original  paper  (49). 

Since  lines  are  available  only  at  certain  definite  wave-lengths,  if  a 
wide  range  of  representative  points  is  to  be  secured  in  any  photochemical 
study,  it  is  necessary  to  use  other  sources  which  emit  radiation  at  different 
wave-lengths.  Another  source  which  is  available  commercially  is  the 
helium  arc.  It  produces  a  brilliant  yellow  line  and  a  moderately  strong 
red  line.  Recently,  sodium  arcs  have  been  placed  on  the  market.  These 
are  chiefly  valuable  because  of  the  intense  radiation  of  the  yellow  D 
lines.  Another  valuable  source  is  the  hydrogen  discharge  tube,  pro- 
ducing an  intense  red  line,  and  other  weaker  lines  in  the  blue  and  violet. 
The  chief  objection  here  is  that  such  sources  are  not  available  for  high- 
intensity  operation  in  a  commercial  lamp.  If  the  line  spectrum  referred 
to  above  is  to  be  obtained,  the  lamp  must  be  operated  with  the  hydrogen 
in  atomic  condition.  In  order  to  obtain  hydrogen  in  atomic  condition, 
it  is  necessary  to  operate  the  tube  with  a  continuous  flow  of  wet  hydrogen, 
usually  supplied  by  electrolysis.  Only  that  part  of  the  positive  column 
remote  from  the  electrodes  can  be  used.  If  hydrogen  is  present  in  molec- 
ular form,  a  band  spectrum  presenting  a  multiplicity  of  lines  is  obtained. 
These  lines  cannot  be  readily  isolated,  so  that  such  a  source  is  not  of  any 
value  for  monochromatic  irradiation. 

Only  in  case  of  the  mercury  arc  have  sources  been  constructed  suffi- 
ciently standardized  to  make  intensity  determinations  of  any  great 
value.  A  wide  range  of  sources  furnishing  other  lines  can  be  used.  For 
ultra-violet  work,  some  of  the  most  valuable  are  given  in  Table  17 
(63,  cf.  pages  507-508). 

The  arc  lines  are  obtained  when  operated  in  a  low-voltage  arc  and 
are  due  to  the  nonionized  metal.  The  spark  lines  are  obtained  at  high 
voltage  or  spark  discharge  and  are  due  to  the  once-ionized  element. 

Figure  29  (56,  cf.  page  185)  shows  the  sources  commonly  used  for 
purposes  of  spectroscopic  calibration.  For  a  more  complete  list  of  the 
stronger  lines,  see  Smithsonian  Physical  Tables  616,  617,  and  618  (63, 
cf.  pages  509-510). 
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Table  17 


Metal 

Arc  X 

Spark  X 

Al 

3961.55 
3944.03 

Cu 

3247 . 55 

2247.00 

Ag 

3280.66 

2437.81 

Zn 

2138.61 
3075.88 

2061.96 

Cd 

2288.02 
3261.04 

2265.04 

Two  other  types  of  sources  deserve  mention.  First,  where  gas  dis- 
charge is  maintained  under  a  high  pressure,  atmospheric  or  greater,  an 
intense  practically  continuous  emission  is  obtained  in  the  blue  and  ultra- 
violet. This  is  often  the  only  available  source  of  continuous  radiation 
in  that  region.  The  other  type  of  source  is  the  ring  discharge,  where 
the  excitation  is  produced  by  high-frequency  induction.  These  sources 
are  free  from  difficulties  due  to  electrode  deterioration,  but  since  the 
excitation  generally  corresponds  to  very  high  potentials,  an  entirely 
different  spectrum  from  the  ordinary  arc  spectrum  is  obtained.  Some 
of  these  sources  are  now  manufactured  for  aviation-field  illumination. 
They  are  the  most  efficient  illuminants  known. 

By  a  combination  of  these  sources  of  selective  emission  with  suitable 
monochromatic  filters,  lines  can  often  be  isolated,  thus  yielding  a  very 
satisfactory  monochromatic  source  of  irradiation.  Table  11a  shows 
various  combinations  which  are  possible  with  the  mercury  arc.  Table 
11b  shows  corresponding  possibilities  with  helium.  Table  lie  has  been 
worked  out  for  hydrogen.  Assuming  an  arbitrary  intensity  100  for  the 
red  line,  the  intensities  given  would  roughly  correspond  for  other  lines 
available.  It  must  be  particularly  emphasized  that  the  relative  inten- 
sities of  lines  from  such  sources  vary  over  a  tremendous  range  with 
differing  conditions  of  excitation.  The  characteristics  are  influenced  by 
temperature,  pressure,  voltage,  and  current.  Furthermore,  the  shape 
and  size  of  the  tube  are  of  great  importance,  as  lines  are  reabsorbed  within 
the  source  in  varying  degree.  Figures  presented  are  intended  to  serve 
only  as  a  basis  for  selection  of  equipment,  not  as  dependable  operating 
characteristics. 


SELECTIVE  DETECTORS 


In  a  wide  range  of  problems,  one  wishes  to  evaluate  energy  available 
in  restricted  ranges  of  wave-lengths  without  resorting  to  complete 
monochromatic  analysis.  This  is  the  case  where  it  is  not  feasible  to 
employ  a  monochromator,  either  on  account  of  the  mechanical  arrange- 
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ment  or  owing  to  the  expense.     The  possibiUties  are  then  as  indicated  in 
the  three  sections  following. 

BLACK   BODY    PLUS    FILTER 

One  may  use  a  black-body  detector,  such  as  a  thermocouple,  in  com- 
bination with  filters.  For  this  purpose,  it  is  necessary  to  refer  only  to 
the  filter-transmission  characteristics  as  the  black  body  is  nonselective. 
The  sensitivity  is  obtained  by  multiplying  the  sensitivity  of  the  black- 
body  detector  by  the  filter  transmission  for  the  specified  wave-length. 
Such  an  arrangement  is  particularly  convenient  where  one  wishes  to 
evaluate  the  energy  for  all  wave-lengths  longer  than  some  specified  wave- 
length, the  procedure  being  to  use  a  short-wave  cut-off  filter  with  the 
black-body  detector.  If  one  wishes  to  obtain  an  evaluation  of  energy 
for  all  wave-lengths  shorter  than  some  specified  value,  it  is  possible  to 
use  a  differential  thermocouple  where  the  two  components  are  opposed 
and  produce  no  deflection  if  equally  illuminated.  If  one  junction  is  then 
covered  by  a  short-wave  cut-off  filter  and  the  other  by  a  transparent 
material  having  the  same  transmission  characteristics  for  all  wave- 
lengths longer  than  the  region  of  cut-off,  the  response  will  then  correspond 
to  the  difference  in  energy  transmitted  by  the  two  filters.  A  similar 
method  may  be  employed  for  securing  sensiti\aty  to  a  band  of  wave- 
lengths. Two  short-wave  cut-off  filters  are  employed  having  the  same 
transmission  characteristics  for  the  long-wave-length  region.  The  sensi- 
tivity of  the  combination  will  then  correspond  to  the  difference  between 
the  transmissions  of  the  two  filters.  A  detector  of  this  type  has  been 
developed  by  Coblentz,  which  has  been  adopted  internationally  as  the 
standard  method  of  measurement  of  radiation  lying  chiefly  in  the  range 
from  2400  to  3200  A. 

Figure  30,  upper  section,  shows  the  transmission  characteristics  of  the 
following  materials:  quartz,  corex  A,  corex  D,  and  a  special  barium  flint 
glass  of  the  type  chosen  by  Coblentz  (26).  In  the  middle  section,  the 
corresponding  difference  curves  have  been  plotted  (full  line) ,  which  when 
used  with  a  differential  thermocouple,  constitute  relative-sensitivity 
curves.  Thus,  Q-BF  is  the  quartz-barium-flint  combination  chosen 
by  Coblentz  and  recently  adopted  as  the  international  standard  of  ultra- 
violet measurement.  It  will  be  noted  that  this  combination  is  practically 
nonselective  from  2500  to  3100  A,  a  region  of  great  biological  importance. 
The  cut-off,  however,  is  not  so  sharp  as  might  be  desired.  Dropping 
fairly  abruptly  to  3600  A,  it  extends  with  appreciable  sensitivity  to 
3900  A  or  even  as  far  as  4400  A,  depending  on  the  particular  filter.  The 
barium-flint  filter  indicated  here  and  referred  to  in  Table  16  differs  slightly 
from  that  used  by  Coblentz.  When  used  with  a  mercury  arc,  no  great 
correction  is  necessary  if  one  assumes  that  the  measurement  is  for  3130  A 
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and  shorter  wave-lengths,  2536  A  being  the  last  line  of  any  great  intensity 
emitted  by  the  mercury  arc.     Referring  to  Table   16,  we  find    from 


2400 


2800 


4000 


3200  3600 

WAVE    LENGTH 

Fig.  30. — Upper  section — transmission  of  filters:  BF — barium  flint,  3.18  mm.  (thickness) 
(50);  CD— corex  D,  2.3  mm.  (21);  CA— corex  A,  2.86  mm.  (21);  Q— fused  quartz,  4.7  mm. 
(21).  Center  section — sensitivity  of  detectors  and  erythemal  response  curve:  Q-BF, 
balanced  thermocouple  with  quartz  and  barium-flint  filters;  CA-BF,  balanced  thermo- 
couple with  corex  A  and  barium-flint  filters;  CD-BF,  balanced  thermocouple  with  corex 
D  and  barium-flint  filters;  E,  erythema  (24);  ZnS-1,  lithopone  A  (13)  (Brickwedde); 
ZnS-2,  balanced  zinc  sulphide  method  with  quartz  and  barium-flint  filters.  Lower 
section— response  to  solar  energy:  Sun,  solar  energy  (28)  (Forsythe  and  Christison);  S, 
response  of  standard  balanced  thermocouple  to  solar  energy;  ZnS-2,  response  of  balanced 
zinc  sulphide  detector  to  solar  energy;  E,  erythemal  response  to  solar  energy. 

Column  7  that   the   amount   detected   by  this  method  in  microwatts/ 
square  centimeter  at  25  cm.  from  a  2.0-cm.  midsection  of  arc  shows  a 
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calculated  difference  from  the  value  1362,  obtained  by  absolute  measure- 

o 

ment  of  the  Hnes  in  the  region  of  3130  A  and  shorter  wave-lengths,  of 
18  per  cent,  and  an  observed  difference  of  15  per  cent.  Where  correction 
factors  computed  from  the  transmission  curves  are  applied,  our  observa- 
tions on  standard-type  mercury  arcs  have  indicated  an  error  of  the  order 
of  2.5  to  3  per  cent.  If,  however,  a  great  intensity  exists  in  the  region  of 
cut-off,  much  more  serious  errors  will  be  introduced. 

For  instance,  if  one  is  concerned  with  the  measurement  of  solar  energy 
in  the  region  specified,  much  greater  difficulties  present  themselves. 
Apparent  solar  distribution  is  shown  in  arbitrary  units  indicated  on  the 
right;  the  relative  distribution  of  response,  as  measured  by  the  inter- 
national ultra-violet  standard,  is  indicated  by  Curve  S  in  the  lower 
section.  Obviously,  much  the  greater  part  of  the  energy  lies  in  the  region 
of  wave-lengths  longer  than  3200  A.  Consequently,  corrections  of  a 
rather  large  order  must  be  applied  in  order  to  secure  an  evaluation  of 
the  extreme  region. 

In  the  curve  CD-BF,  we  have  a  typical  case  of  a  band  selectivity 
secured  by  the  differential  thermocouple  method,  combining  corex  D  with 
barium  flint.  In  using  such  a  method,  however,  precautions  must  be 
taken  to  avoid  a  change  in  selectivity  resulting  from  an  increased  opacity 
of  the  glass  due  to  ultra-violet  exposure. 

PHOTOCELL 

By  far  the  commonest  selective  detector  in  use  is  the  photoelectric 
cell.  Commercially,  a  wide  wave-length  .range  of  sensitivity  has  been 
desirable.  The  majority  of  such  cells  employ  a  sensitive  surface  com- 
posed of  cesium  on  cesium  oxide  on  silver.  Such  a  sensitive  surface  is 
placedin  an  evacuated  tube  and  a  potential  applied  between  an  auxiliary 
electrode  and  the  sensitive  surface.  When  illumination  falls  upon  the 
sensitive  surface,  electrons  escape  and  produce  a  current  between  the 
electrodes.  This  is  measured  either  directly  by  a  galvanometer  or 
indirectly  by  means  of  an  amplification  circuit.  Such  a  detector  is 
capable  of  the  greatest  sensitivity  of  any  known  method.  If  the  inten- 
sities are  extremely  small,  the  individual  electrons  may  be  counted  by  the 
method  developed  by  Geiger  and  Miiller  (58). 

Figure  31  shows  the  sensitivity  curves  of  a  group  of  commercially 
available  photocells.  The  full-hne  curves  1  to  4  are  representative  of  the 
various  types  of  cells  of  cesium  on  cesium  oxide  on  silver,  where  the  tube 
is  completely  evacuated  and  the  surface  sensitized  by  a  special  process. 
These  present  two  regions  of  maximum  sensitivity,  one  lying  near 
3600  A,  and  the  other  varying  from  7000  to  8700  A.  They  all  present 
a  minimum  sensitivity  between  the  two  maxima  in  the  region  of  5000  A. 
A  large  amount  of  technical  investigation  has  been  expended  in  order  to 
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Fig.  31. — Relative-sensitivity  curves  of  commercial  photocells  (in  each  case  the  area  in 

sq.  in.  and  the  name  of  the  manufacturer  are  given  within  parentheses):  1.   PJ-22  vacuum 

(0.9,  Gen.  Elec.);  lA.   PJ-23  gas-filled  (0.9,  Gen.  Elec);  2.  Visitron  type  AV,  quartz  envelope, 

vacuum    (1.1,   G.    M.);   2A.  Visitron   type  A,   quartz   envelope,   gas-filled    (1.1,  G.   M.); 

3.  Western  Electric,  vacuum  {Western  El.);  3 A.  Western  Electric,  gas-filled  {Western  El.); 

4.  FJ-114  (0.9,Gen.  .E/.),-5.  FJ-76  (2.1,  Gen.  jEL);  6.  Weston  Photronic  cell  (1.7 TFesion  M.). 


VISIBLE  AND  NEAR-VISIBLE  RADIATION  195 

minimize  this  weakness.  The  short-wave-length  Umit  of  sensitivity- 
arises  from  the  absorption  characteristics  of  the  windows.  If  a  quartz 
window  is  used,  the  sensitivity  rises  again  in  going  from  3000  to  2400  A. 
The  long-wave-length  limit  occurs  somewhere  between  11,000  and  12,000 
A.  Number  5  shows  the  typical  sensitivity  of  an  alkali  metal  cell, 
employing  a  sodium  surface.  In  all  such  cells,  the  sensitivity  varies 
widely,  depending  upon  the  methods  of  manufacture.  Individual  cells 
of  the  same  type  also  vary  over  a  considerable  range.  If  such  a  photocell 
is  filled  with  gas  instead  of  evacuated,  the  primary  electrons  produce 
secondary  electrons  in  the  gas  and  a  correspondingly  higher  sensitivity 
results,  the  increase  generally  varying  from  four  to  ten  times.  The 
dotted  curves  indicate  the  sensitivity  of  corresponding  gas-filled  cells. 
Another  type  of  photoelectric  cell  deserves  particular  mention,  namely, 
the  photovoltaic  cell.  That  a  cuprous  oxide  rectifier  cell  (CU2O  on  Cu) 
shows  a  response  to  light  was  observed  by  Grondahl  in  1927  (33).  Since 
then,  such  cells  have  been  widely  developed  experimentally  as  light 
detectors  (10).  They  consist  of  two  or  three  thin  layers  in  close  contact, 
and  in  common  practice  they  are  not  evacuated.  Another  example  is 
iron  on  selenium  on  lead,  the  iron  being  so  thin  as  to  be  practically 
transparent. 

The  sensitivity  curve  of  a  commercial  photovoltaic  cell  (Weston 
photronic)  is  indicated  on  a  reduced  scale  by  the  dash-dot  curve,  No.  6, 
Fig.  31.  The  sensitivity  values  for  this  cell  must  be  multiplied  by  10. 
The  cell  of  copper  oxide  on  copper  shows  a  longer  wave-length  maximum 
and  extends  deeper  into  the  infra-red. 

The  type  of  cell  indicated  by  curve  6  has  received  wide  application  for 
three  reasons:  (a)  As  it  generates  electromotive  force  in  the  presence  of 
light,  it  need  only  be  connected  with  a  galvanometer  in  order  to  secure  a 
deflection.  (6)  Such  cells  produce  a  current  higher  by  an  order  of  magni- 
tude than  other  types  of  photoelectric  cells,  and  consequently  require  a 
less  sensitive  current-measuring  device,  (c)  It  exhibits  a  sensitivity 
curve  very  similar  to  the  visibility  curve  of  the  eye,  and  hence  has  a  wide 
applicability  for  illumination  purposes. 

If  it  is  possible  to  prepare  special  cells  or  to  secure  them,  a  wide  range 
of  sensitivity  characteristics  is  available.  Figure  32  is  representative  of 
the  general  possibilities.  Section  (1)  of  this  figure  (39)  shows  the  relative- 
sensitivity  characteristics  of  the  different  alkali  metals,  exhibiting  maxi- 
mum sensitivity  varying  from  2800  to  5500  A,  with  long-wave-length 

o  _^ 

thresholds  varying  from  5000  A  into  the  infra-red.  For  photocells  whose 
long-wave-length  thresholds  occur  in  the  blue  and  ultra-violet,  a  number 
of  possibilities  are  indicated  in  (2)  and  (3)  of  this  figure  (data  through 
courtesy  of  H.  C.  Rentschler,  Westinghouse  Electric  Co.).  The  short- 
wave-length limits  of  these  cells,  as  indicated,  arise  chiefly  from  the  win- 
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dows  employed.  Thus,  in  the  case  of  cesium,  thaUum,  and  uranium, 
Fig.  32,  (3),  the  sensitivity  continues  to  rise  from  3000  to  2400  A,  as  shown 
by  the  dotted  Unes  where  a  quartz  window  replaces  the  customary  thin 
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Fig.  32. — Relative  sensitivity  of  special  photocells:  Sec.  (1)  alkali  metals  (Hughes  and 
DuBridge);  Li,  Na,  K,  Rb  (Pohl  and  Pringsheim);  Cs  {Campbell  and  Ritchie).     Sec.  (2)  and 
Sec.    (3)   Westinghouse  ultra-violet  photoelectric  cells.      (Rentschler.)      Full-line  curves  in 
thin  glass;  dotted  curves  in  quartz. 

glass  window.  From  this  group,  a  photocell  can  be  selected  having  its 
long-wave-length  threshold  anywhere  from  2675  to  4200  A.  By  com- 
bination with  short-wave  cut-off  filters  indicated  in  Table  10  and  Fig.  9, 
any  required  short-wave-length   limit   can  be  secured.     Hence,   by  a 
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combination  of  photocell  and  short-wave  cut-off  filter,  a  band  of  sensi- 
tivity can  be  secured  anywhere  in  the  visible  or  ultra-violet.  It  should 
be  pointed  out,  however,  that  the  materials  indicated  in  Fig.  32,  (2)  are 
markedly  superior  in  reproducibility  of  sensitivity  to  any  of  the  other 
materials. 

Through  refinement  of  manufacture,  the  commercial  cells,  however, 
have  been  brought  to  a  high  degree  of  perfection.  Even  so,  the  experi- 
menter must  be  cautioned  in  the  use  of  photocells.  No  two  photocells 
are  alike,  nor  is  any  photocell  permanent.  The  sensitivity  curve  of  the 
particular  cell  must  be  determined  at  the  time  of  use  by  means  of  a 
standard  source.  For  an  exhaustive  discussion  of  photocell  technique, 
the  reader  is  referred  to  Hughes  and  Du  Bridge  (39). 

PHOTOCHEMICAL    METHODS 

Another  general  type  of  selective  detector  is  the  photographic  or 
photochemical  method.  Such  a  method  derives  its  wave-length  sensi- 
tivity from  the  photochemical  sensitivity  of  the  reaction.  Thus,  the 
darkening  of  the  photographic  plate  may  serve  as  an  indicator  for  the 
range  of  sensitivity  of  the  plate.  Photographic  plates  are  of  course 
readily  prepared  with  a  wide  range  of  sensitivity  distribution.  (See 
Eastman  Kodak  Co.  literature.)  These  in  turn  may  be  combined  with 
various  filters  in  order  to  secure  modified  ranges  of  selective  response. 
Such  methods,  however,  are  nonlinear  as  to  intensity  and  depend  upon 
the  time  of  exposure.  They  are,  therefore,  nonlinear  indicators  of  time  X 
intensity  dosages.  It  is  difficult  to  bring  them  in  line  with  other  quanti- 
tative methods.  They  require  the  difficult  operation  of  evaluating 
darkening.  However,  because  of  their  convenience  and  simplicity,  they 
may  be  recommended  for  restricted  types  of  observation.  These  methods 
have  been  highly  developed  for  spectroscopic  purposes  and  are,  when 
properly  used,  capable  of  high  precision.  For  a  comprehensive  discussion 
of  this  field,  the  reader  is  referred  to  the  works  of  Harrison  (37)  and  of 
O'Brien  (55). 

Another  photochemical  method  deserves  particular  mention.  When 
lithopone  or  better,  pure  zinc  sulphide,  moistened  with  lead  acetate, 
is  exposed  to  the  ultra-violet,  a  marked  darkening  takes  place.  In  order 
to  make  the  results  of  this  method  reproducible,  only  the  purest  chemicals 
must  be  used.  The  darkening  must  be  brought  to  a  certain  specified 
standard  value  and  the  time  required  accurately  determined.  This 
method  has  been  extensively  applied  to  solar  observations  by  Clark. 
In  order  to  give  an  idea  of  the  sensitivity  distribution,  values  obtained  by 
Brickwedde  (13)  are  plotted  in  the  middle  section  of  Fig.  30,  marked 
ZnS-1.  In  order  to  further  restrict  the  long-wave-length  cut-off,  Clark 
(18)  developed  a  differential  method  in  which  the  time  of  darkening  is 
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obtained  both  under  glass  Tg  and  under  quartz  T^.     Since  the  effective 
intensity  is  inversely  proportional  to  the  time  of  darkening, 


Intensity  =  If y)  ^  ^ 


where  C  is  a  calibration  factor.     By  the  use  of  a  mercury  arc,  Clark 
arrived  at  a  calibration  factor, 

C  =  72  X  10^  erg/cm.2 

The    relative   wave-length   sensitivity   of    this   differential  zinc  sulfide 
method  is  given  by  curve  ZnS-2  in  the  center  section.     While  this  method 
is  more  restricted  as  to  wave-length  range  than  Coblentz's  differential 
thermocouple  method,  it  is  nonlinear  over  the  whole  region,  showing  a 
minimum  in  the  region  of  2650  A  and  a  maximum  at  3130  A,  falling 
rapidly  between  3200  and  3300  A,  and  is  practically  zero  at  3500  A. 
This  selectivity  might  be  a  definite  advantage  in  case  the  biological 
effectiveness  of  dosage  were  to  closely  follow  the  sensitivity  distribution. 
Otherwise,  it  is  rather  difficult  to  evaluate  its  significance.     Measure- 
ments by  this  method  have  been  specified  in  terms  of  zinc  sulfide  units. 
This  procedure  is  good,  inasmuch  as  both  wave-length  distribution  and 
magnitude  are  implied.     But  without  a  standardization  as  to  glass  filter 
and  an  accurate  determination  of  the  sensitivity  distribution  of  a  stand- 
ard method  of  procedure,  it  is  difficult  to  convert  these  observations  into 
other  units.     Thus,  the  curves  previously  shown  for  daily  and  seasonal 
fluctuation  in  solar  ultra-violet  give  an  excellent  idea  of  the  fluctuations, 
but  the  wave-length  range  represented  is  in  a  large  measure  indeterminate, 
following  roughly  the  curve  shown  in  the  lower  section  of  Fig.  30,  marked 
ZnS-2.     The   maximum  response  for  the  particular  solar  distribution 
assumed  [taken  from  Forsythe  and  Christison's  observations  (28)]  occurs 
at  3200  A  and  drops  to  zero  roughly  at  3600  A.     When,  however,  the 
short-wave  cut-off  of  solar  distribution  varies,  the  wave-length  of  maxi- 
mum response  will  also  vary. 

APPLICATION  OF  SELECTIVE  DETECTORS 

We  may  now  ask  the  general  question:  What  are  the  value  and  range  of 
applicability  of  selective  detectors,  granting  that  we  have  quantitative 
reproducible  methods?  They  are  valuable  as  control  instruments  for 
determining  irradiation  and  dosage.  The  moment  the  sensitivity  as  a 
function  of  wave-length  of  a  biological  phenomenon  becomes  known, 
it  is  often  possible  to  construct  a  selective  detector  whose  sensitivity  curve 
matches  in  wave-length  extent  and  distribution  the  sensitivity  curve  of 
the  phenomenon.  With  such  an  instrument,  w^e  may  evaluate  the 
effectiveness  of  a  given  source  in  producing  such  a  biological  effect  and 
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we  may  evaluate  the  dosage,  i.e.,  the  total  amount  of  energy  over  a  speci- 
fied time,  which  has  contributed  to  the  biological  effect.  Measurement 
then  becomes  theoretically  proportional  to  effectiveness.  Such  observa- 
tions are  not,  however,  true  energy  measurements,  but  weighted  energy 
measurements.  If  the  selectivity  curve  of  the  detector  departs  from  the 
sensitivity  curve  of  the  phenomenon,  the  result  will  be  erroneous.  It  is 
impossible  to  emphasize  too  greatly  the  need  of  caution  in  the  use  of  such 
methods.  Where  such  a  method  becomes  thoroughly  standardized, 
names  are  generally  given  to  weighted  energy  measurements,  the  units 
being  proportional  to  effectiveness.  The  most  completely  worked  out 
system  of  this  character  is  the  illuminating  system  referred  to  above. 
The  visibility  curve  of  the  standard  observer  (full-line  curve  Fx,  Fig.  33, 
upper  section)  is  the  standard  weighting  coefficient  for  the  phenomenon 
vision.  Wherever  the  sensitivity  curve  or  weighting  is  known,  absolute 
energy  measurements  may  be  converted  to  the  special  units  of  the  system. 
Too  often,  however,  the  fact  that  a  weighting  curve  must  be  employed 
is  overlooked  and  the  observations  for  a  particular  phenomenon  used  for 
purposes  to  which  they  are  not  applicable.  This  has  been  responsible 
for  much  of  the  chaotic  condition  of  radiation  measurements. 

Where  one  wishes  to  know  the  absolute  sensitivity  of  a  photocell, 
one  is  generally  given  values  in  lumens.  Yet,  with  few  exceptions,  the 
sensitivity  curves  do  not  in  the  least  correspond  to  the  visibility  curve. 
Consequently,  the  response  of  such  an  instrument  will  vary  widely  with 
the  type  of  source  used.  Unless  the  source  is  specified,  observations 
indicated  in  illumination  units  are  absolutely  meaningless.  In  our  efforts 
to  present  quantitative  data  on  photocells,  we  find  satisfactory  data 
available  in  only  two  or  three  cases.  Relative-sensitivity  curves  are 
generally  given,  but  the  absolute  magnitude  of  the  response  can  be 
arrived  at  in  only  a  very  approximate  fashion.  Consequently,  the  curves 
presented  must  not  be  used  for  quantitative  measurements  but  only  for 
guidance  in  selection  of  cells.  It  is  therefore  with  some  hesitation  that 
the  application  of  selective  detectors  to  a  number  of  biological  problems 
will  be  illustrated.     Thus, 

Vision. — The  sensitivity  curve  of  vision  may  be  approximated  as 
indicated  in  Fig.  33  by  combination  of  photronic  cell  with  filter.  Such  a 
detector  will  produce  deflections  proportional  to  illumination,  provided, 
(a)  the  sensitivity  curve  of  the  eye  has  been  accurately  duplicated  by  the 
sensitivity  curve  of  the  combination;  (6)  the  response  is  linearly  pro- 
portional to  the  illumination.  Neither  of  these  requirements  is  generally 
satisfied.  Thus,  the  dotted  curve  in  the  upper  section  of  Fig.  33  is  an 
exceptionally  good  approximation  to  the  standard  observer.  Never- 
theless, applied  to  sources  of  selective  emission,  it  might  yield  results 

o 

greatly  in  error  if  lines  occurred  in  the  region  from  4000  to  5200  A. 
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Fig.  33. — Visibility  and  special  detectors:  VX — visibility;  dotted  curve — sensitivity  of 
Weston  photronic  cell  +  heat  resisting  heat  absorbing  dark,  2.82  mm.  thickness  +  Noviol 
O,  16  mm.  thickness  (Corning  filters).  Color  evaluation:  Full-line  curves — 1922  standard 
observer:  B — blue;  G — green;  R — red;  sensitivity  reduced  to  same  maximum.  Dotted 
curves — corresponding  special  detectors:  Blue — heat  resisting  lantern  blue,  3.0-mm.  thick- 
ness -|-  Noviol  O,  3.0-mm.  thickness  -|-  copper  chloride  }/2  N  va.  1.0-cm.  cell;  Green — signal 
green*  +  signal  yellow,  thin*  4-  copper  chloride  Ho  N  '\n  1.0-cm.  cell;  Red — signal 
yellow,  thick*  -|-  heat  resisting  heat  absorbing  dark,  2.82-mm.  thickness  -f-  copper  chloride 
3^10  N  in  1.0-cm.  cell. 


*  Manufacturer  does  not  specify  thickness,  due  to  variability  of  color  with  melt. 
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Color  Vision. — Figure  33,  lower  section,  shows  combinations  which 
approximate  the  trichromatic  sensitivity  curves  of  the  1922  standard 
observer.  Such  arrangements  offer  a  possibihty  for  the  quantitative 
determination  of  the  color  characteristics  of  materials.  In  order  to 
arrive  at  such  quantitative  results,  the  following  procedure  is  necessary: 
(a)  The  combined  sensitivity,  filter  plus  detector,  of  the  particular 
arrangement  to  be  used  must  be  determined;  (6)  on  the  basis  of  such 
actual  sensitivity  curves,  conversion  factors  must  be  computed  by  which 
the  corresponding  color  data  can  be  found;  (c)  the  sensitivity  character- 
istics of  the  apparatus  must  be  verified  from  time  to  time. 

For  calibration  and  computation  of  conversion  factors,  the  reader  is 
referred  to  the  Bureau  of  Standards  (42). 

Ultra-violet  Phenomena.— The  various  biological  effects  of  radiation 
in  the  ultra-violet  have  been  lumped  together  and  an  attempt  made  to 
arrive  at  a  universal  system  of  measurements  intended  to  be  applicable 
to   all    of   these   various   effects.     Probably,    a   group    of  such  effects 
arises  from  ionization  within  the  cell.     Furthermore,  since  cells  possess 
certain  common  characteristics,  there  is  some  measure  of  similarity  in 
the  region  of  effectiveness  of  these  different  phenomena.     The  essential 
differences  may,  however,  be  just  the  points  of  paramount  importance. 
In  order  to  bring  out  these  characteristic  differences,  the  relative  wave- 
length distribution  curves  for  a  number  of  these  phenomena  have  been 
brought  together  in  Fig.  34.     The  full-line  curves  in  the  upper  section 
indicate   the   percentage   of  bacteria   killed   for   equal   energy   dosage: 
(a)  50  erg/mm.2,  (5)  iqO  erg/mm.^,  (c)  250  erg/mm.^,  (d)  500  erg/mm.^ 
for  staphylococcus,  observed  by  Gates  (32).     Dotted  curve,  e,  Fig.  34 
shows  the  relative  erythemal  effectiveness  as  compiled  from  a  group  of 
observers  by  Coblentz  and  associates  (24,  25).     Dash-dot  curves  1,  2, 
and  3  are  equal-energy  lethal-effectiveness  curves  for  the  alga  Chlorella 
vulgaris,  obtained  by  Meier  (52).     While  these  follow  fairly  closely  the 
bactericidal  curves,  the  dosages  corresponding  are  greater  by  an  order 
of  magnitude  or  more.     Exact  comparison  is  impossible  because  the 
percentage  kilhng  could  not  be  determined  in  the  densitometer  methods 
applied  to  the  algae.     In  the  center  section,  curve  A  gives  the  absorption 
coefficient  for  nonirradiated  ergosterol,  concentration  80  mg.  per  liter, 
and  for  comparison,  Curve  B,  the  first  product  of  irradiation  (2800  to 
3100  A)  by  Reerink  and  van  Wijk  (60).     While  there  is  some  rough 
similarity  between  the  absorption  curve  A,  which  is  probably  related  to 
the  activation  of  sterols  in  the  production  of  vitamin  D  and  the  lethal- 
effectiveness  curves,  one  finds  little  similarity  with  the  erythemal  curve. 
Though  we  might  be  well  justified  in  developing  a  method  for  evaluating 
the  lethal  effectiveness  of  different  sources,  there  seems  to  be  little  basis 
for  an  evaluation  of  therapeutic  effectiveness.     It  does  not  follow  that 
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Fig.  34. — Upper  section:  Full-line  curves — lethal  effectiveness  for  staphylococcus. 
(Gates.)  Dosage:  a,  50  erg/mm.^;  b,  100  erg/mm.^;  c,  250  erg/mm.  =  ;  d,  500  erg/mm. ^ 
Dash-dot  curves — relative  lethal  effect  for  the  alga  CMorella  vulgaris  for  different  dosages. 
(Meier.)  Dotted  curve  e,  erythemal  effectiveness.  (Coblentz.)  Middle  section:  a, 
Absorption  coefficient  of  unirradiated  ergosterol,  concentration  80  mg.  per  liter.  (Reerink 
and  van  Wijk.)  b.  First  product  of  irradiation.  (Reerink  and  van  Wijk.)  Lower  section: 
Relative  sensitivity  of  silver  and  titanium  photocells.  Full-line  curves  in  corex  D.  Dotted 
curves  in  thin  corex  A. 
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the  photochemical  effectiveness  in  producing  vitamin  D  should  coincide 
with  the  absorption  curves.  In  fact,  there  is  considerable  evidence  that 
the  long-wave-length  portion  of  the  absorption  curves  contributes  to  the 
development  of  antirachitic  material,  while  the  shorter  wave-length 
region  may  be  destructive  to  the  biologically  active  component,  so  that 
it  may  be  desirable  in  evaluating  the  dosage  from  a  particular  ultra-violet 
source  to  determine  the  relative  distribution  m  at  least  two  portions  of  the 
region  independently.  Furthermore,  there  seems  to  be  little  basis  for 
concluding  that  the  therapeutic  effectiveness  in  the  application  of  ultra- 
violet to  a  patient  necessarily  coincides  with  the  production  of  the  bio- 
logically active  material  in  vitro.  It  is  still  more  difficult  to  see  why  the 
erythemal  effectiveness  should  be  used  for  determining  the  therapeutic 
value.  In  fact,  one  might  be  definitely  detrimental  to  the  other.  In  such 
a  case,  the  region  of  0.280  m  might  be  preferable. 

Turning  again  to  Fig.  30,  the  erythemal  curve  has  been  reproduced, 
dotted  curve  E,  for  direct  comparison  with  the  relative-sensitivity  curves 
of  the  two  methods  of  ultra-violet  measurement  in  most  common  use, 
shown  by  the  heavy  curves,  Q-BF  and  ZnS-2.  It  is  immediately 
evident  that  these  weighting  curves  have  little  in  common  with  the  bio- 
logical effectiveness  of  any  of  the  phenomena  as  they  are  known.  The 
value  of  such  methods  lies  simply  in  that  they  enable  an  operator  to 
reproduce  a  given  dosage  for  a  given  type  of  source.  They  will  tell  us 
nothing,  however,  as  to  the  relative  effectiveness  of  two  different  types 
of  sources.  In  the  case  of  the  sun,  the  relative  energy  effective  in  ery- 
thema has  been  plotted  in  the  lower  section,  curve  E,  Fig.  30,  for  com- 
parison with  the  relative-response  curves  of  the  standard  and  zinc 
sulfide  methods.  These  points  are  brought  out  not  as  a  criticism  of  the 
methods  which  have  been  developed,  which  undoubtedly  serve  a  useful 
purpose  in  dosage  control,  but  rather  to  indicate  the  definite  limitations 
of  such  methods  and  the  dangers  of  too  wide  generalization. 

In  the  lower  section  of  Fig.  34  the  relative-sensitivity  curves  of  two 
photocells  have  been  plotted  which  may  be  of  especial  value  in  working 
with  phenomena  occurring  in  this  region.  The  wave-length  threshold 
of  the  titanium  cell,  occurring  at  about  3160  A,  is  very  convenient  as  to 
both  the  erythemal  threshold  and  the  probable  absorption  of  ergosterol. 
If  the  titanium  cell  is  used  in  thin  corex  A  (dotted  curve),  its  sensitivity 
continues  well  beyond  the  region  where  any  effective  radiation  is  likely 
to  be  available  from  a  quartz-housed  source.  When  combined  with  a  suit- 
able glass  filter,  the  short-wave-length  limit  may  be  adjusted  as  de^sired. 
Silver,  on  the  other  hand,  has  a  threshold  in  the  vicinity  of  2750  A,  the 
short-wave-length  limit  depending  again  upon  the  type  of  window.  By  a 
combination  of  these  two  cells,  the  relative  intensities  in  different 
portions  of  the  region  from  2400  to  3200  A  can  be  fairly  well  evaluated. 
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ERYTHEMAL    SYSTEM 

It  has  uniformly  been  the  pohcy  of  the  National  Bureau  of  Standards 
to  evaluate  radiation  from  ultra-violet  sources  in  absolute  units,  and  the 
effort  has  been  to  secure  as  far  as  is  experimentally  possible  a  method  of 
observation  which  is  nonselective  over  the  region  of  importance,  such  as, 
for  example,  the  balanced-thermocouple  method,  with  the  barium-flint 

filter. 

The  practical  necessity  of  establishing  some  criterion  for  the  com- 
parative evaluation  of  different  types  of  ultra-violet  sources  for  medical 
purposes  cannot  be  escaped.  This  has  led  to  the  adoption  of  certain 
special  units.  Homogeneous  radiation  of  wave-length  2967  A  and 
radiant  flux  density  10  ^w./cm.^  has  been  adopted  tentatively  by  the 
Council  on  Physical  Therapy  (16)  as  a  Finsen  unit  (F.U.).  It  has  been 
observed  that  2  F.U.  for  15  min.  is  a  representative  requirement  for 
minimum  perceptible  erythema.  Thus  it  has  been  proposed  that  one 
erythemal  unit  be  defined  as  2  F.U.  or^20  MW./cm.^  for  15  min.  of  homo- 
geneous radiation  of  wave-length  2967  A.  On  this  basis,  the  equivalence 
of  the  erythemal  unit  for  various  ultra-violet  sources  has  been  determined. 
It  should  be  pointed  out  that  on  such  a  basis  the  units  are  both  definite 
and  reproducible,  but  that  the  equivalence  is  dependent  upon  a  number 
of  vital  considerations.  Where  a  source  produces  heterogeneous  radiation 
in  the  region  of  erythemal  effectiveness,  the  evaluation  of  equivalence  can 
be  no  more  definite  than  the  evaluation  of  erythemal  effectiveness.  Only 
by  the  arbitrary  adoption  of  a  standard  curve  of  erythemal  effectiveness 
can  the  erythemal  unit  be  definitely  evaluated  for  other  sources.  If  such 
a  standard  weighting  curve  is  adopted,  the  danger  arises  that  subsequent 
observations  will  show  that  the  adopted  standard  curve  does  not  coincide 
sufficiently  well  with  the  physiological  basis  to  make  the  determinations 
of  great  biological  significance.  Thus,  we  are  led  to  the  probability  of 
frequent  modifications  in  the  standard  weighting  curve,  as  has  been  the 
experience  in  the  case  of  the  illuminating  system. 

Furthermore,  the  difficulty  of  establishing  a  satisfactory  erythemal 
weighting  curve  is  far  greater  than  that  presented  by  the  determination  of 
visibihty.  Granting,  however,  that  such  a  standard  weighting  curve  of 
erythemal  effectiveness  is  adopted,  it  must  be  borne  in  mind  that  even 
small  changes  in  operating  conditions  of  a  source  will  change  the  radiation 
erythemal  equivalents.  These  points  have  been  frequently  emphasized 
by  Coblentz  and  must  be  taken  into  consideration  in  using  such  a  table  of 
equivalents  as  may  be  found  in  the  publication  of  the  Council  on  Physical 
Therapy  on  The  Acceptance  of  Sun  Lamps  (16). 

More  important  still,  let  us  reiterate  our  previous  contention  that 
there   is   no   necessary   relation    between   erythemal   effectiveness   and 
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therapeutic  value.  Consequently,  the  establishment  of  a  system  based 
on  erythemal  effectiveness  must  not  be  viewed  as  a  solution  to  the 
problem  of  measurement  in  the  ultra-violet  for  general  biological 
application. 
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Fig.   35. — Vitamin   A  absorption   and   special    detector.     Full-line    curve — absorption 
curve    of    vitamin    A.      {Morton    and    Heilbron.)      Dotted    curve — relative    sensitivity    of 
thorium  photocell  +  pyrex,  4-mm.  thickness 
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Fig.  36. — Flesh  transmission  and  special  detectors.  Full-line  curve  F — transmission 
of  5.0-mm.  thickness  of  flesh.  {Cart-wright,  Forsythe  et  al.)  Dotted  curve  C — thermo- 
couple with  filters,  amethyst  -|-  heat  resisting  yellow  shade  yellow.  Dash-dot  curve  T — 
thalofide  cell. 

Vitamin  A. — The  absorption  of  vitamin  A  is  shown  in  Fig.  35  (54) 
Energy  absorbed  in  this  band  contributes  to  the  destruction  of  the 
biologically  active  material.  The  absorption  curve  can  be  closely 
approximated  as  indicated  by  the  dotted  curve.  Such  a  selective 
detector  would  be  valuable  in  evaluating  the  destructive  component  of 
sources  used  in  irradiating  materials  such  as  foodstuffs. 
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Flesh  Transmission. — The  transmission  curve  of  a  5.0-mm.  thickness  of 
flesh  determined  by  Cartwright  (17),  and  corrected  for  reflection  by 
Forsythe  and  others,  is  shown  by  the  full-Une  curve  F  in  Fig.  36.  A 
thermocouple-filter  combination,  yielding  a  very  similar  curve,  is  offered, 
shown  by  the  dotted  Curve  C.  Such  a  detector  should  be  useful  in 
determining  the  effectiveness  of  sources  in  raising  the  temperature  of 
underlying  tissue.  It  should  not  be  assumed,  however,  that  this  is  a 
measure  of  therapeutic  value.  . 

The  reliability  of  measurements  of  this  general  type  can  be  no  greater 
than  the  reliability  of  the  observations  of  the  biological  effect.  If  the 
response  curve  of  the  detector  departs  markedly  from  the  relative 
effectiveness  of  equal  energy  in  producing  the  specified  biological  phe- 
nomenon, the  results  may  be  wholly  misleading.  We  therefore  urge 
great  care  in  the  application  of  selective  detectors,  such  as  has  been 
illustrated  in  this  chapter. 

In  the  course  of  this  discussion,  we  have  attempted  to  outline  sound 
procedure,  to  offer  a  convenient  assembly  of  pertinent  data,  and  to 
emphasize  the  many  sources  of  difficulty  encountered  in  radiation 
measurements. 
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INTRODUCTION 

This  paper  treats  of  the  intensity  of  solar  radiation  as  received  at  the 
surface  of  the  earth.  The  subject  is  divided  naturally  into  two  main 
topics,  as  follows:  (a)  The  intensity  of  direct  solar  radiation  as  received 
on  a  surface  normal  to  the  incident  solar  rays;  (6)  the  intensity  of  the 
total  solar  radiation  (direct  +  diffuse)  as  received  upon  a  horizontal 
surface. 

The  Standard  of  Pyrheliometry . — In  the  United  States,  the  pyrhelio- 
metric  standard  has  been  the  Smithsonian  Standard  of  Pyrheliometry 
of  1913  (1).  In  Europe  the  Angstrom  compensation  pyrheliometer  (5) 
is  extensively  used  as  a  standard.  The  ratio,  Smithsonian  standard/ 
Angstrom  standard  =  1.035,  has  been  employed  at  some  European 
observatories,  notably  at  the  observatory  at  Davos,  Switzerland    (6), 

o 

to  reduce  measurements  by  the  Angstrom  pyrheliometer  to  the  Smith- 
sonian scale.  It  is  necessary,  therefore,  in  comparing  pyrheliometric 
measurements  made  in  different  countries,  to  have  in  mind  this  difference 
in  standards.  Recently  the  Smithsonian  Institution  revised  its  stand- 
ardization tests,  and  announces  that  its  standard  pyrheliometry  of  1913 
is  about  2.3  per  cent  high  (2).  On  account  of  the  long  series  of  measure- 
ments and  deductions  therefrom  already  published,  it  was  considered 
less  confusing  to  adhere  to  the  1913  scale  of  pyrheliometry,  but  to  make 
clear  the  amount  by  which  it  is  in  error.     The  U.  S.  Weather  Bureau  has 
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followed  the  Smithsonian  Institution  in  adhering  to  the  1913  standard. 
In  this  paper  radiation  intensities  are  expressed  in  units  of  this  scale 
unless  some  other  scale  is  specified. 

MEASUREMENTS    OF   SOLAR-RADIATION   INTENSITY  AT  NORMAL 

INCIDENCE 

Figure  1  illustrates  the  marked  increase  in  solar-radiation  intensity 
with  altitude  above  sea  level.  The  horizontal  lines  indicate  the  propor- 
tion of  the  radiation  reaching  the  outer  limit  of  the  atmosphere  that  is 
transmitted  to  a  place  of  observation,  with  the  sun  at  different  zenith 
distances;  or,  conversely,  the  depletion  of  radiation  intensity  in  passing 
through  the  atmosphere  is  shown.  With  the  sun  in  the  zenith,  the  solar 
rays  reach  the  earth  by  the  shortest  possible  path,  and  the  air  mass  passed 
through  is  called  1.0.  With  the  sun  at  zenith  distance  60°,  the  path  is 
twice  as  long  and  the  air  mass  is  2.0.  With  the  sun  at  zenith  distance 
70.7°,  the  air  mass  is  3.0,  and  for  greater  zenith  distances  the  air  mass 
increases  much  more  rapidly,  reaching  a  value  of  approximately  30  when 
the  sun  is  just  above  the  horizon.^ 

The  path  is  through  much  less  atmosphere  on  a  high  mountain  than 
at  sea  level,  and  in  some  investigations  unit  air  mass  is  considered  to  be 
with  the  sun  in  the  zenith  with  air  pressure  760  mm.  If,  therefore,  the 
air  pressure  is  only  684  mm.,  with  the  sun  in  the  zenith,  and  at  zenith 
distances  60.0°  and  70.7°,  respectively,  the  corresponding  air  masses  will 
be  0.9,  1.8,  and  2.7,  and  with  atmospheric  pressure  456  mm.,  the  air 
masses  will  be  0.6,  1.2,  and  1.8,  etc. 

The  curved  lines  in  Fig.  1  clearly  show  the  decrease  in  atmospheric 
depletion  with  increase  in  altitude  at  the  stations  named,  and  its  increase 
with  solar-zenith  distance.  The  effect  of  increase  in  altitude  is  much 
more  marked  near  sea  level  than  on  high  mountains,  partly  because  at 
elevated  stations  the  pressure  decrease  for  a  given  increase  in  elevation  is 
less,  and  partly  because  the  moisture  and  dust  content  of  the  atmosphere 
is  much  less.  Dust  has  a  marked  diffusing  effect,  and  water  vapor 
absorbs  strongly  in  the  infra-red,  or  long-wave  radiation  (see  Brackett, 
pages  171-175). 

Curves  25  and  27,  Fig.  1,  for  Washington  in  February  and  June, 
respectively,  show  much  greater  depletion  in  summer  than  in  winter, 
as  also  do  curves  21  and  26  for  Lincoln,  Neb.,  for  February  and  August. 
For  Davos,  Switzerland,  at  an  elevation  of  1600  meters,  lines  19  and  20, 
show  for  February  and  June,  respectively,  much  less  difference  in  radia- 
tion intensities  than  has  been  indicated  for  stations  at  lower  elevations. 

^  For  a  more  detailed  statement  of  the  relation  between  solar-zenith  distance  and 
air  mass,  see  Smithsonian  Meteorological  Tables,  5th  revised  Ed.,  1931,  p.  Ixxix,  and 
Table  100,  p.  226. 
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In  computing  the  atmospheric  depletion  of  solar  radiation  as  shown 
in  Fig.  1,  the  effect  of  the  varying  distance  of  the  earth  from  the  sun  has 
been  eliminated.  In  considering  the  average  intensities  actually  meas- 
ured at  different  seasons  of  the  year,  however,  the  effect  of  this  variable 
distance  must  not  be  overlooked.  Thus,  in  early  July  the  distance  of  the 
earth  from  the  sun  is  so  much  greater  than  in  early  January  that  with 
the  same  air  masses,  other  conditions  being  equal,  early  January  solar- 
radiation  intensities  should  exceed  July  intensities  by  7  per  cent,  while  in 
early  April  and  early  October  the  earth  is  at  its  mean  distance  from  the 


Air  Moiss 


Fig.  1. — Atmospheric  transmission  coefficients  at  various  altitudes 


sun.  As  an  illustration  of  the  effect  of  this  varying  solar  distance  of  the 
earth,  in  Table  1  it  is  shown  that  at  Washington,  on  August  22  and  on 
December  23,  the  measured  noon  solar-radiation  intensity  averages  the 
same,  or  1.19  gm.  cal./min./cm^.  When  reduced  to  mean  solar  distance, 
however,  the  August  intensity  becomes  1.217,  and  the  December  inten- 
sity 1.151,  or  62.7  and  59.3  per  cent,  respectively,  of  the  mean  value  of  the 
solar  constant  1.94. 

In  Table  1  are  given  the  average  measured  hourly  intensities  of  solar 
radiation  at  normal  incidence  at  five  stations  in  the  United  States,  on 
dates  when  the  sun  is  at  its  maximum  south  declination,  —23°  27'  on 
December  23;  on  the  equator,  March  21  and  September  23,  farthest 
north,  -|-23°  27',  on  June  21,  and  halfway  between  the  equinoxes  and  the 
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winter  and  summer  solstices,  or  - 11°  44'  on  February  18  and  October  24, 
and  +11°  44'  on  April  21  and  August  22.  Note  first  of  all  the  marked 
minimum  noon  intensity  at  Sante  Fe  in  August,  which  is  also  seen  to  a 
lesser  degree  at  the  other  stations,  and  is  only  exceeded  in  some  other 
month  of  the  year  at  Madison,  Wis.,  the  most  northern  station,  in  Decem- 
ber. While  this  August  depression  is  partly  due  to  the  greater  solar 
distance  of  the  earth  at  that  season,  it  is  principally  due  to  the  increased 
water  vapor  and  dust  content  of  the  atmosphere  in  late  summer.  At 
Davos,  Switzerland  [(6),  Table  1],  farther  north  than  any  station  in  the 
United  States,  and  with  a  low  humidity  content  of  the  atmosphere,  there 
is  a  noon  minimum  in  July,  and  a  decided  maximum  in  April,  with  a 
secondary  maximum  in  August.  The  absolute  minimum  here  also  occurs 
in  December,  as  we  would  expect. 

Just  before  sunset  or  immediately  after  sunrise,  if  the  sky  is  clear,  the 
radiation  received  on  a  surface  normal  to  the  rays  is  still  strong.  Meas- 
urements made  at  Washington,  D.  C.  (7),  on  November  9,  1909,  give  the 

o 

following  intensities,  on  the  Angstrom  scale : 

T.\BLE  2. — Radiation  Intensity  with  Sun  Approaching  Horizon 


Solar-zenith        dis- 
tance  

Air  mass 

o 

60.0 
2.0 

1.230 

° 

75.7 
4.0 

0.999 

O 

80.7 
6.0 

0.804 

O 

83.2 
8.0 

0.653 

O 

84.7 
10.0 

0.531 

0 

85.8 
12.0 

0.454 

O 

86.9 
15.0 

0.365 

O 

87.6 
18.0 

0.292 

o 

88.2 
21.0 

0.236 

O 

88.7 
25.0 

0.176 

O 

89.2 
29.0 

Intensity,  gm.  cal./ 
min./cra.' 

0.131 

T.ABLE  3. — Coordinates  of  Stations  Recording  the  Total  (Direct  +  Diffuse) 
Radiation  Received  on  a  Horizontal  Surface,  and  Type  of  Pyrheliometer 

Employed 


Stations 


Miami,  Fla 

New  Orleans,  La . . 
Riverside,  Calif . . . 

Fresno,  Calif 

Washington,  D.  C 

Pittsburgh,  Pa 

New  York,  N.  Y.. 

Lincoln,  Neb 

Chicago,  111 

Blue  Hill,  Mass... 
Twin  Falls,  Idaho . 
Madison,  Wis. .  .  . 
Fairbanks,   Alaska 


Lati- 
tude 


25  41N. 
29  56  N. 
33  58  N. 
36  43  N. 
38  56  N. 
40  32  N. 
40  46  N. 
40  50  N. 
4137N. 
42  13  N. 

42  29  N. 

43  06  N. 
64  52  N. 


Longi- 
tude 


80  12  W. 

90  07  W. 
117  20  W. 
119  49  W. 

77  05  W. 

80  20  W. 

73  58  W. 

96  41  W. 

87  35  W. 

71  07  W. 
114  25  W. 

89  23  W. 
147  39  W. 


Alti- 
tude, 
ft. 


100 
1070 

330 

397 
1114 

156 
1225 

688 

635 
4300 
1009 

500 


Period  of  time 


Nov.  '29-Aug.  '34. 
Mar.  '31-Aug.  '34. 
June  '33-Aug.  '34. 
Oct.  '28-Aug.  '34. 
Oct.  '14- Aug.  '34. 
Dec.  '29-Aug.  '34. 
Apr.  '24-Aug.  '34. 
July  '15-Aug.  '34. 
Sept.  '23-Aug.  '34. 
Dec.  '32-Aug.  '34. 
June  '26-Aug.  '34. 
Apr.  '11-Aug.  '34. 
Aug.  '31-July  '34. 


Instrument 


Callendar 

Eppley 

Eppley 

Eppley 

Eppley 

Eppley 

Eppley 

Callendar 

Eppley 

Eppley 

Eppley 

Callendar 

Eppley 
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218  BIOLOGICAL  EFFECTS  OF  RADIATION 

THE  VERTICAL  COMPONENT  OF  THE  TOTAL  SOLAR  RADIATION  (DIRECT 
+  DIFFUSE)  RECEIVED  AT  THE  SURFACE  OF  THE  EARTH^ 

As  already  noted  under  the  previous  section,  a  considerable  percent- 
age of  the  radiation  received  from  the  sun  is  scattered,  or  diffused,  by- 
atmospheric  gas  molecules,  and  by  dust  and  other  foreign  particles  that 
are  always  present  in  the  atmosphere.  The  measurement  of  the  vertical 
component  of  the  total  radiation  (direct  +  diffuse)  is  easily  accom- 
plished, since  the  sensitive  element  exposed  to  radiation  is  fixed  in  a 
horizontal  position,  and  the  mechanism,  or  the  labor  necessary  to  keep 
instruments  for  measuring  the  intensity  of  the  direct  solar  rays  pointed 
accurately  toward  the  sun,  is  avoided.  The  measurements  of  the 
intensity  of  the  vertical  component  of  solar  radiation  are,  therefore, 
usually  continuously  recorded  by  automatic  instruments,  thus  giving 
very  complete  records  of  this,  the  most  important  component  of  solar 
radiation,  at  least  to  vegetation,  and  thus  indirectly,  if  not  directly,  to 
animal  life,  including  man. 

A  considerable  collection  of  data  of  this  character  has  already  been 
summarized  by  one  of  us,  and  published  in  the  Monthly  Weather  Review 
(8,  9) .  Table  3  gives  the  coordinates  of  stations  in  the  United  States  at 
which  this  component  of  the  intensity  of  solar  radiation  is  continuously 
recorded,  and  in  Table  4  are  given  the  average  weekly  means  of  daily 
totals.  In  the  footings  of  this  table  are  given  the  average  annual  totals 
of  radiation  for  each  station.  Table  4,  therefore,  for  stations  in  the 
United  States,  shows  variations  with  latitude,  altitude,  and  the  season  of 
the  year  in  the  daily  amount  of  radiation  received  on  a  horizontal  sur- 
face. It  also  shows  that  smoky  cities  like  Pittsburgh,  New  York,  and 
Chicago,  receive  about  one-third  less  than  stations  like  Riverside,  Fresno, 
and  Twin  Falls,  and  one-fourth  less  than  Blue  Hill  and  Washington, 
which  latter  are  on  about  the  same  latitude  as  the  first-named  cities. 

In  Table  5  are  given  the  hourly  averages  of  the  vertical  component 
of  solar  radiation  for  weeks  that  include  the  dates  for  which  the  radiation 
at  normal  incidence  is  given  in  Table  1.  It  therefore  resembles  Table  1 
in  that  it  shows  variations  in  the  intensity  of  solar  radiation  with  latitude, 
altitude,  the  season  of  the  year,  and  the  time  of  day,  but  for  the  vertical 
component,  including  that  received  diffusely  from  the  sky,  instead  of  the 
intensity  at  normal  incidence. 

SOLAR-RADIATION  INTENSITY  IN  TROPICAL,  SUBTROPICAL,  AND  ARCTIC 

REGIONS 

Table  6  gives  the  coordinates  of  stations  in  the  above-named  regions 
for  which  solar-radiation  data  are  available  for  considerable  periods  of 

2  For  a  reproduction  of  a  record  of  the  two  components  of  the  total  radiation 
received  on  a  horizontal  surface,  see  Fig.  18  of  the  paper  by  Brackett,  p.  172. 
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Table  5. — Hourly  Averages  of  the  Total  Solar  Radiation  Received  on  a 

Horizontal  Surface  for  Weeks  That  Include  the  Summer  and  Winter 

Solstices,  the  Equinoxes,  and  the  Times  When  the  Solar  Declination 

Is  Halfway  between  These  Extremes 

1.   Miami,  Florida 


Hours  from  noon*. 


Dec.  23, 
Feb.  18, 
March  21, 

April  21, 
June  21, 
Aug.  22, 
Sept.  23, 
Oct.  24, 


A.M. 

P.M. 


A.M. 
P.M. 


A.M. 
P.M. 


A.M. 
P.M. 


A.M. 
P.M. 


A.M. 
P.M. 


A.M. 
P.M. 


A.M. 

P.M. 


43.8 


61.1 


66.5 


67.3 


66.8 


65.5 


61.4 


50.4 


43.4 

38.7 

54.1 
54.0 

64.5 
60.3 

63.2 
57.9 

63.7 
62.1 

63  2 
61.6 

64.5 
55.2 

51.9 
42   6 


39.7 
35.6 

41.3 
42.7 

57.2 
53.1 

60.4 
47.6 

60.6 
67.9 

58.6 
50.2 

55.2 
46.2 

49.3 
33.1 


26.7 
25.2 

34.8 
30.9 

41.7 
40.8 

43.6 
36.9 

49.4 
41.1 

49.0 
41.9 

45.5 
31.2 

41.4 
22.0 


15.3 
12.1 

21.0 
18.9 

24.3 
24.6 

31.1 
24.4 

38.3 
29.9 


32. 
29. 


31.0 
20.5 

31.5 
13.1 


5.8 
3.2 

5.0 
6.8 

11.0 
11.0 

17.9 
12.8 

23.0 
17.6 

16.7 
14.0 

15.3 
9.5 

17.2 
4.1 


0.7 

2.3 
2.6 

7.0 
4.9 

9.2 
9.3 

5.8 
5.0 

4.6 

1.2 

6.3 


2.6 
1.6 


2.  Washington,  D.  C. 


Hours  from  noon 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

Dec.  23,      A.M 

26.4 
25.4 

40.0 
40.2 

44.6 
47.6 

53.2 
53.6 

71.6 
61.9 

62.7 
56  9 

49.7 
48.6 

43.2 
46.7 

22.6 
20.0 

36.2 
34.0 

43.4 
45.9 

54.6 
47.1 

69.6 
45  5 

45.0 
55.3 

45.6 
47.4 

40.0 
42.8 

16.8 
14.4 

27.8 
25.4 

35.7 
35.4 

51.0 
38.6 

58.7 
40.4 

35.3 
46.6 

40.4 
37.9 

30.0 
32.0 

8.1 

7.4 

16.0 
15.5 

20.2 
26.2 

34.2 
31.8 

42.6 
33.1 

28.5 
33.0 

29.0 
27.8 

17.6 
20.6 

1.8 
2.0 

4.6 

7.8 

11.6 
14.9 

20.4 
22.8 

26.6 
24.9 

16.6 
20.8 

16.2 
14.8 

6.4 
10.7 

0.6 
0.7 

2.8 
4.8 

9.2 
11.6 

14.1 
17.6 

6.9 
9.1 

4.7 
4.8 

1.4 
1.6 

0.1 
0.2 

1.6 
2.9 

5.3 
5.1 

1.9 
2.3 

0.2 
0.2 

P.M 

Feb.  18,      A.M 

P.M 

March  21,  a.m 

P.M 

April  21,     A.M 

P.M 

June  21,      A.M 

0.5 

P.M 

.\ug.  22        A.M 

0.6 

P.M 

Sept.  23,     A.M 

P.M 

Oct.  24,        A.M 

P.M 

*  Probably  noon,  75th  meridian 
in  April  and  June,  and  36  minutes 


time,  which  is  about  20  minutes  faster  than  local  solar  time  at  Miami 
faster  in  late  October  and  early  February. 
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Table  5. — Hourly  Averages  of  the  Total  Solar  Radiation  Received  on  a 

Horizontal  Surface  for  Weeks  That  Include  the  Summer  and  Winter 

Solstices,  the  Equinoxes,  and  the  Times  When  the  Solar  Declination 

Is  Halfway  between  These  Extremes. — {Continued) 


3. 

Lincoln, 

Neb. 

Hours  from  noon 

0-1 

1-2 

2-3 

3-4 

4  5 

5-6 

6-7 

7-8 

Dec.  23,      A.M 

P.M 

31.6 
33.2 

47.4 
47.4 

67.3 
63.6 

50.4 
53.4 

65.0 
63.9 

62.9 
64.7 

56.1 
57.6 

46.5 
45.1 

26.4 
29.4 

40.6 
41.9 

51.7 
41.3 

51.4 
52.0 

71.4 
54.6 

58.5 
58.4 

52.8 
50.7 

42.1 
41.0 

18.5 
19.8 

31.6 
30.8 

41.8 
39.8 

44.3 
47.1 

66.0 
43.7 

52.5 
46.2 

43.7 
39.4 

31.0 
30.6 

9.2 
9.0 

19.0 
16.2 

28.6 
28.0 

38.2 
32.3 

53.2 
39.9 

42.9 
35.3 

30.6 
27.3 

18.2 
20.1 

1.2 
1.6 

6.6 
6.0 

15.0 
15.3 

22.8 
21.5 

35.2 
33.3 

25.9 
25.2 

17.8 
13.7 

7.9 
7.9 

0.4 
0.7 

3.4 
5.7 

9.3 
10,8 

19.3 
19.9 

11.1 
10.2 

4.7 
3.9 

0.6 
1.0 

0.1 

1.3 
2.3 

5.2 
8.5 

1.2 
2.2 

0.1 
0.1 

Feb.  18,      A.M 

P.M 

March  21,  a. m 

P.M 

April  21,     A.M 

P.M 

June  21,      A.M 

0.1 

P.M 

1.9 

Aue   22,      A.M 

P.M 

Scot    23,      A.M.            .... 

P.M 

Oct.  24,        A.M 

P.M 

4.  Twin  Falls,  Idaho 

Hours  from  noon 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

Dec.  23,      A.M 

P.M 

Feb.  18,      A.M 

15.8 
18.0 

41.1 
41.3 

46.4 
44.5 

60.8 
60.6 

77.6 
77.2 

74  4 
71.9 

61   5 
65.2 

45.4 
48.1 

17.6 
14.1 

36.0 
38.1 

46.9 
41.0 

56.5 
51.9 

73.6 
70.2 

65.0 
67.8 

53.9 
58.0 

41.2 
45.1 

12.3 
10.6 

28.1 
30.9 

42.9 
35.6 

48.0 
45.4 

66.9 
56.9 

58.8 
59.2 

46.2 
48.2 

33.5 
36.8 

6.1 

5.2 

18.4 
20.4 

31.0 
26.9 

39.6 
38.0 

56.1 
45.9 

46.1 
44.2 

35.8 
38.4 

19.7 
23.1 

0.8 
0.9 

6.9 
9.7 

17.6 
16.8 

25.9 
27.2 

42.2 
36.0 

29.2 
29.4 

22.4 
25.7 

8.5 
11.2 

0.9 
1.0 

6.1 
6.0 

12.2 
11.8 

26.6 
24.4 

14.4 
15.0 

9.2 
7.9 

0.5 
0.6 

0.1 
0.1 

2.0 
2.1 

10.5 
10.0 

2.9 
3.3 

0.8 
0.7 

P.M 

March  21,  a.m 

P.M 

April  21,     A.M 

P.M 

June  21,      A.M 

1.2 

P.M 

1.4 

Aug.  22,      A.M 

P.M 

0.1 

Sept.  23,     A.M 

P.M 

Oct.  24,        A.M 

P.M.               .  .  .  . 
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Table  5. — Hourly  Averages  of  the  Total  Solar  Radiation  Received  on  a 

Horizontal  Surface  for  Weeks  That  Include  the  Summer  and  Winter 

Solstices,  the  Equinoxes,  and  the  Times  When  the  Solar  Declination 

Is  Halfway  between  These  Extremes. — {Continued) 

6.  Fresno,  Calif. 


Hours  from  noon 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

Dec.  23,      A.M 

26.9 
27.7 

52.2 

52.8 

73.4 
72.8 

76.0 
73.3 

83.8 
83.4 

75.4 
72.4 

71.7 
70.4 

68.0 
57.9 

24.9 
24.3 

46.3 

48.7 

67.2 
66.4 

69.8 
65.8 

79.1 
77.6 

71.0 
69.0 

67.4 
62.5 

52.0 
50.5 

17.4 
18.0 

35.3 
31.6 

55.4 
51.6 

59.9 
57.9 

70.6 
68.6 

63.6 
60.8 

56.8 
50.5 

40.9 
39.7 

8.6 
9.3 

23.2 

21.7 

42.8 
36.3 

42.8 
46.6 

55.3 
55.9 

48.8 
45.2 

42.6 
34.3 

25.2 
34.6 

1.0 
1.5 

9.4 
10.0 

24.8 
20.6 

25.2 
30.8 

37.2 
39.4 

31.8 
27.4 

24.7 
16.4 

9.7 
7.9 

0.8 
0.9 

8.4 
8.1 

9.8 
12.6 

20.0 
22.0 

15.2 
11.0 

8.6 
3.1 

0.8 
0.3 

1.4 
1.4 

6.0 
6.6 

3.1 

1.2 

0.4 
0.0 

p,M 

Feb.  18,      A.M 

p.M 

March  21,  a^m 

p.M 

April  21,     A.M 

p.M 

June  21,      A.M.          .... 

0.2 

p.M 

Aug.  22,      A.M 

0.2 

p.M 

Sept.  23,     A.M 

p.M 

Oct.  24,        A.M 

P.M 

6.   Fairbanks,  Alaska 

Hours  from  noon .  .  . 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

6-7 

7-8 

8-9 

9-10 

10-11 

Dec.  23,      A.M 

2.2 

0.8 

0.0 

p.M 

1.7 

.  0-8 

0.2 

Feb.  18,       A.M 

12.3 

9.7 

5.8 

2.2 

0.2 

p.M 

14.4 

12.2 

7.5 

3.5 

0.4 

March  21,  a.m 

31.8 

28.6 

24.2 

16.8 

9.2 

3.3 

0.3 

p.M 

32.2 

27.6 

22.8 

14.8 

8.0 

2.8 

0.2 

April  21       A.M 

45.6 

42.6 

37.0 

29.9 

20.4 

12.2 

5.4 

1.2 

p.M 

43.6 

40.4 

35.1 

27.5 

20.6 

12.2 

5.8 

1.3 

June  21        A.M 

58.4 

55.5 

44.8 

37.2 

28.7 

22.6 

15.1 

7.4 

2.6 

1.0 

0.1 

p.M 

60.7 

56.9 

47.0 

39.7 

34.1 

30.9 

22.6 

11.0 

4.6 

1.4 

0.3 

Aug.  22,      A.M 

38.6 

36.0 

30.4 

20.6 

11.9 

7.3 

3.2 

0  6 

p.M 

40.1 

36.3 

32.4 

23.8 

16.7 

10.1 

3.8 

0.8 

Sept.  23,     A.M 

22.6 

21.2 

16  4 

11.2 

6.1 

2.5 

0.1 

p.M 

18.6 

16.0 

15  3 

10.2 

5.5 

1.8 

0.1 

Oct.  24.        A.M 

10.9 

8.8 

5.6 

2.0 

0.1 

p.M 

10  9 

9  6 

6.0 

2.4 

0.2 
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Table    6. — Coordinates    of   Stations    in   Tropical,    Subtropical,    and    Arctic 

Regions 
1.   Radiation  intensity  at  normal  incidence 


Alti- 

Station 

Latitude 

Longitude 

tude, 

ft. 

Period 

Instrument 

13°  48'  S. 

171°  46'  W. 

7 

1925-1927 

Gorczynski 

.Angstrom 

Abisko,  Sweden  (12) 

68°  21'  N. 

18°  49'  E. 

1280 

July  2- 

Sept.  13,  1913 

Mount  Evans,  Greenland  (10).... 

66°  51'  N. 

50°  50'  W. 

1291 

Sept.  1927, 
April,  1928 

Moll 

Treurenberg,  Spitzbergen  (14) .  .  . 

79°  55'  N. 

16°  52'  E. 

30 

Sept.  1899, 
.\pril-July, 
1900 

Angstrom 

2.   Radiation  intensity  on  a  horizontal  surface 


Habana,  Cuba  (8) 

Johannesburg,  S.  Afr.  (8) 

Abisko,  Sweden  (4) 

Green  Harbor,  Spitzbergen  (11). 
Sveanor  (3) 


23°  09' 

N. 

26°  11' 

S. 

68°  21' 

N. 

78°  00' 

N. 

79°  56' 

N. 

82°  21'  W. 
28°  4'  E. 
18°  49'  E. 
14°  05'  E. 
18°  18'  E. 


131 
6102 
1280 


March, 

1925- 

May,  1926 

1908- 

June,  1913          | 

July  2- 

Sept.  13 

.  1914 

Sept.- 

Oct.  18, 

1927 

July  2- 

Aug.  10 

1931 

Weather  Bureau 

thermoelectric 
Callendar 

Angstrom 

M  oll-Gorczy  nski 

Robitzsch 


Table  7. — Radiation  Intensities  at  Normal  Incidence 

(gm.  cal./min./cm.^) 

Apia,  Samoa 


Solar-zenith  distance 

Air  mass 

Dry  season,  May- Aug 

Equatorial  season,  Mar.-Apr.,  Sept. -Oct 
Wet  season,  Nov.-Feb 


24°0 

34°0 

56°2 

60°0 

70°7 

75°7 

1.1 

1.2 

1.8 

2.0 

3.0 

4.0 

1.12 
1.15 

1.00 
1.04 

0.98 
0.98 

0.77 
0.83 

0.66 
0.74 

1.17 

1.26 

1.24 

1.14 

1.01 

0.92 

0.88 

78  °7 
5.0 
0.56 
0.62 
0.84 


Abisko,  Sweden 


July . 
Aug. 
Sept . 


1.17 
1.16 
1.11 


0.98 
0.97 
0.97 


Mount  Evans,  Greenland 


Feb   

1.25 

March   ■ 

1.39 
1.28 
1.07 
1.25 

1.31 
1.12 
0.96 
1.15 
1.25 

1.18 

April 

1.45 
1.22 
1.32 

1.03 

Aue 

0.85 

Sept                        

1  08 

Oct 

1.18 
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Table  7. — Radiation  Intexsities  at  Normal  Incidence. — {Continued) 

Treurenberg,  Spitzbergen  * 


April . 

May. 

June. 

July. 

Sept. 


1.30 
1.32 
1.36 


1.19 
1.14 
1.21 
1.22 
1.19 


*  Intensities  are  given  in  units  of  the  Angetroni  pyrheliometric  scale. 

Table  8. — Solar-radiation  Intensities  on  a  Horizontal  Surface 
(Daily  averages,  gm.  cal./day/cm.^) 


Month 


Jan . . . 
Feb . . . 
March . 
April .  . 
May . . 
June . . 
July... 
Aug... 
Sept . . . 
Oct . .  . 
Nov . . . 
Dec .  . . 
Year .  . 


Johannesburg,* 
South  Africa 


556 
490 
455 
405 
380 
365 
368 
440 
531 
567 
606 
579 
125.696 


Habana, 
Cuba 


367 
448 
598 
620 
575 
610 
656 
568 
519 
439 
332 
330 
183,797 


Abisko,* 
Sweden 


23 
135 
379 

463 
468 
366 
228 
143 
51 
7 


Green* 

Harbor, 

Spitzbergen 


2 
59 
273 
457 
546 
363 

86 
5 


Sveanor* 


407 


*  Radiation  intensities  are  believed  to  be  recorded  in  units  of  the  Angstrom  pyrheliometric  scale. 

time.  Intensities  at  normal  incidence  are  summarized  in  Table  7,  and 
daily  averages  of  the  total  received  on  a  horizontal  surface  are  sum- 
marized in  Table  8. 

THE   EFFECT   OF   CLOUDINESS   ON   THE   TOTAL   SOLAR   RADIATION   RECEIVED 

ON    A    HORIZONTAL    SURFACE 

The  relation  between  Qo,  the  radiation  received  with  a  clear  sky,  and 
Qs,  the  amount  received  with  an  ONercast,  or  partly  overcast  sky,  has  been 

o 

given  by  Angstrom  in  the  form  of  the  following  equation: 

Qa  =  QAa  +  (1.00  -  a)S] 


where  S  is  the  percentage  of  possible  hours  of  sunshine  prevailing. 
Angstrom  found  a  to  vary  between  0.22  and  0.25.     Our  own  researches 
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from  measurements  made  at  Washington,  D.  C,  Madison,  Wis.,  and 
Lincoln,  Neb.,  have  led  us  to  adopt  a  =  0.22,  giving  for  the  equation 

Q,  =  Qo[0.22  +  0.78,S] 

The  value  of  a  must  vary  with  the  character  of  the  cloud  layer  and 
perhaps  also  the  surface  conditions,  as  for  instance,  with  a  snow  cover,  a 
surface  covered  with  vegetation,  or  a  sandy  surface. 


Join.      Feb.      Mar.     Apr. 
II  ?  31  10  ?0  2  m?  1  11  ?! 


May       June     July     Aug.     Sept.     Oct      Nov.       Dec. 
11  21  31  10  20  30  10  20  30  9  19  29  8  18  28  8  18  28  7  11  27  7  17  27 


Fig.  2. — Curves  for  Twin  Falls,  Washington,  and  Chicago,  showing  the  annual  variation 
in  the  total  radiation  received  on  a  horizontal  surface  with  a  clear  sky  and  with  average 
cloud  conditions. 

Figure  2  gives  curves  for  Twin  Falls,  Washington,  and  Chicago,  show- 
ing the  annual  variations  in  the  total  radiation  received  on  a  horizontal 
surface  with  a  clear  sky  and  with  average  cloud  conditions.  Superposed 
upon  the  latter  for  Washington  is  an  irregular  trace  containing  weekly 
averages  for  the  year  1925.  These  weekly  values  show  variations  as 
great  as  50  per  cent  of  the  normal  values  and  from  30  to  40  per  cent  of  the 
value  at  the  outer  limit  of  the  atmosphere.  The  importance  of  cloudi- 
ness in  its  effect  upon  the  radiation  received  at  the  surface  of  the  earth  is 
therefore  apparent. 

SUMMARY 

The  following  may  be  mentioned  as  of  special  interest :  At  the  three 
most  northerly  stations,  Sveanor,  Treurenberg  and  Green  Harbor,  the 
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zenith  distance  of  the  sun  is  less  than  60°  only  from  about  May  15  to  the 
end  of  July.  At  Mount  Evans,  Greenland,  and  at  Abisko,  Sweden, 
the  solar-zenith  distance  is  at  60°  or  less  from  about  April  15  to  the  end  of 
August.  Table  6  shows  that  at  Treurenberg  with  zenith  distance 
60°,  m  =  2,  the  solar-radiation  intensities  average  1.30,  1.32,  and 
1.36  gm.  cal./min./cm.2  f^j.  May,  June,  and  July,  respectively;  for 
Mount  Evans  for  April,  August,  and  September,  the  intensities  are 
1.45,  1.22,  and  1.32,  respectively,  and  for  Abisko  for  July  and  August, 
1.17  and  1.16,  respectively. 

For  stations  in  the  United  States  for  which  radiation  intensities  are 
summarized  in  Table  1,  the  Weather  Bureau  file  gives  for  average  summer 
intensities  for  m  =  2,  the  following  values:  at  Blue  Hill,  1.08;  for  Wash- 
ington, 0.94;  Madison,  1.02;  Lincoln,  1.10;  Santa  Fe,  1.27.  For  Samoa 
the  corresponding  intensity  is  0.98. 

If  we  reduce  the  intensities  measured  at  Arctic  stations  with  the  sun 
60°  from  the  zenith  to  mean  distance  of  the  earth  from  the  sun,  we 
obtained  the  following  transmission  coefficients:  Treurenberg,  May  to 
July,  0.718,  which  Fig.  1  shows  to  be  about  the  same  as  for  Mount  Wilson 
in  September;  Abisko,  July  to  September,  0.541,  which  is  close  to  that  for 
Lincoln  in  August;  Mount  Evans  in  April,  and  in  August  and  September, 
respectively,  0.753  and  0.665,  the  first  of  which  is  about  the  same  as  that 
for  Sante  Fe  in  January,  and  the  second  close  to  that  for  Lincoln  in 
February.  With  the  exception  of  that  for  Abisko,  these  are  high  coefla- 
cients  for  the  summer  season. 
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Biological  problems  have  a  degree  of  variability  such  that  when 
treated  quantitatively  they  become  automatically  statistical  in  character, 
and  when  we  add  to  this  degree  of  variability  that  inherent  in  the  field  of 
radiation,  it  becomes  doubly  necessary  to  treat  the  observations  obtained 
with  appropriate  statistical  technique.  The  problems  encountered  in 
this  field  involve  no  processes  of  quantitative  logic  not  discussed  in  some 
of  the  various  textbooks  on  statistical  method  and  it  would  be  inappro- 
priate in  this  place  to  attempt  to  cover  the  ground  usually  elaborated  by 
such  books.  It  may,  however,  be  of  value  to  consider  certain  types  of 
problems  that  occur  reasonably  often  in  the  study  of  the  biological 
effects  of  radiation  and  to  present  methods  for  analyzing  them  statisti- 
cally. Since  space  prevents  a  detailed  discussion  of  all  the  points 
involved,  the  reader  will  be  referred  for  certain  routine  treatments  to 
such  standard  textbooks  as  those  of  Yule  (10),  Pearl  (5),  and  Tippett  (9). 
The  emphasis  of  the  present  discussion  is  placed  rather  on  the  interpreta- 
tion of  the  statistical  constants  than  on  their  derivation,  and  although  it 
cannot  hope  to  train  workers  in  this  field  in  statistical  method,  it  aims  to 
give  direction  to  their  studies. 

PERCENTAGE  COMPARISONS 

In  the  study  of  the  effect  of  irradiation  on  biological  forms,  the 
simplest  statistical  problem  arises  when  one  group  of  animals  has  been 
subjected  to  radiation  of  some  type,  a  similar  group  of  animals  has  not 
been  subjected  to  radiation,  and  the  observed  end  result  is  of  the  yes  or 
no  type,  that  is,  the  animals  died  or  survived,  the  eggs  hatched  or  did  not 
hatch,  etc.  Such  problems  lead  to  a  comparison  of  the  percentages  of 
animals  that  reacted  in  the  experimental  and  control  groups.  Compari- 
son of  these  percentages  is  so  simple  and  direct  that  the  only  statistical 
question  involved  is  that  of  the  degree  of  reliability  of  the  observed 
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percentages.  This  question  is  treated  under  what  is  called  the  sampHng 
error  of  a  percentage,  by  which  we  mean  the  degree  of  variability  in 
percentages,  as  determined  by  repeated  samples  of  a  fixed  size,  when  as 
far  as  we  can  determine  these  samples  have  been  drawn  from  the  same 
universe  or  the  same  experience. 

A  discussion  of  sampling  error  can  be  approached  most  simply  in 
terms  of  an  actual  example  and  we  shall  consider  cases  taken  from  a  paper 
by  Sievert  and  Forssberg  (8),  in  which  they  discuss  the  lethal  effect  on 
Drosophila  eggs  of  varying  dosages  of  X-rays  at  different  intensities.  We 
shall  make  use  of  their  results  for  the  dose  165  r,  which  are  presented  in 
Table  1. 

Table  1. — Mortality  Rates  of  Drosophila  Eggs  Irradiated   with  an  X-ray 

Dose  of  165  r  at  Varying  Intensities 


Intensity,  r  per  min. 

Number  of  eggs 
irradiated 

Number  of  deaths 

Death  rate,  per  cent 

2.8 

608 

244 

40.1 

5.5 

1186 

648 

54.6 

22.0 

2340 

1247 

53.3 

49.5 

2141 

1098 

51.3 

88.0 

1497 

828 

55.3 

198.0 

1644 

889 

54.1 

297.0 

1022 

499 

48.8 

792.0 

363 

185 

50.9 

1240.0 

1267 

679 

53.6 

1860.0 

1182 

625 

52.9 

2810.0 

1181 

601 

50.9 

3750.0 

854 

463 

54.2 

4690.0 

864 

461 

53.3 

The  question  involved  is  the  comparison  of  the  percentages  dying  at 
different  intensities.  These  percentages  could  be  compared  just  as  they 
stand,  but  since  we  know  from  experience  that  a  repetition  of  the  experi- 
ment would  not  give  an  exact  duplication  of  these  results,  the  com- 
parison becomes  fruitful  only  after  we  have  some  estimate  of  the  stability 
of  these  results  under  repetition.  If  we  consider  the  first  two  exposures, 
the  evidence  can  be  presented  completely  in  what  is  known  as  a  fourfold 

table  (see  Table  2). 

Table  2. — Fourfold  Table 


Intensity,  r  per 
min. 

Number  of 
deaths 

Number  of 
survivors 

Total 

Death  rate, 
per  cent 

2.8 
5.5 

244 

648 

364 
538 

608 
1186 

40.1 
54.6 

Total 

892 

902 

1794 

49.7 
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Before  concluding  that  the  mortaUty  rate  at  intensity  5.5  r  per  min.  is 
greater  than  that  at  2.8  r  per  min.  we  must  test  the  statistical  significance 
of  the  difference  between  these  two  percentages.  This  question  can  be 
framed  as  follows :  How  probable  is  it  that  if  two  random  samples  of  sizes 
608  and  1186  were  drawn  out  of  a  universe  or  experience  having  a  basic 
mortality  of  49.7  per  cent,  they  would  differ  as  much  in  their  mortality  as 
they  do  in  the  present  illustration?  We  ask  this  question  because  if  we 
find  it  quite  likely  that  two  random  samples  would  exhibit  a  difference  at 
least  as  great  as  in  the  present  case  when  these  samples  were  drawn  out 
of  the  same  experience,  we  shall  hesitate  to  conclude  that  this  observed 
difference  is  due  to  anything  other  than  chance. 

To  answer  this  question  we  need  to  know  something  of  the  variability 
of  percentages  determined  by  a  number  of  samples  of  the  same  size,  all 
drawn  from  the  same  experience.  For  a  complete  discussion  of  this 
subject  the  reader  is  referred  to  the  treatment  of  the  point  binomial  in 
any  standard  textbook  on  statistical  method.  It  will  be  sufficient  to  say 
here  that  theoretical  considerations  and  experimental  tests  have  show^n 
that  such  percentages  are  distributed  in  a  normal  probability  curve, 
having  a  mean  equal  to  p  and  a  standard  deviation  equal  to  the  square 
root  of  pq/71,  where 

p  =  the  percentage  in  the  universe  sampled. 

q  =  100  -  p 

n  =  size  of  sample  drawn. 
Since  the  normal  curve  is  completely  determhied  by  its  mean  and  standard 
deviation,  it  is  possible,  having  determmed  these  constants,  to  state  the 
distribution  of  deviations  of  varying  size.  Table  3  gives  the  probability, 
P,  that  a  sample  will  deviate  from  the  central  position  by  an  amount  equal 
to,  or  greater  than,  any  multiple  of  the  standard  deviation,  a. 

Table  3. — Probability  of  Occurrence  of  Deviations  of  Varying  Size,  as  Given 

BY  THE  Normal  Probability  Curve 


Dev.  from  mean 

■    Probability  of 

Dev.  from  mean 

Probability  of 

standard  dev. 

dev.  >  x/a 

standard  dev. 

dev.  ^  x/cr 

x/a- 

P 

x/a 

P 

0.00 

1.0000 

3.25 

0.0012 

0  25 

0.8026 

3.50 

0 . 00047 

0.50 

0.6171 

3.75 

0.00018 

0.75 

0.4533 

4.00 

0.000063 

1  00 

0.3173 

4.25 

0.000021 

1.25 

0.2113 

4.50 

0.0000068 

1,50 

0.1336 

4.75 

0.0000020 

1.75 

0.0801 

5.00 

0.00000057 

2.00 

0.0455 

5  25 

0.00000015 

2.25 

0.0244 

5  50 

0.000000038 

2.50 

0.0124 

5  75 

0.0000000090 

2.75 

0.0060 

6.00 

0.0000000020 

3.00 

0.0027 

230 


BIOLOGICAL  EFFECTS  OF  RADIATION 


The  theoretical  distribution  of  deviations  as  obtained  from  the  normal 
probability  curve  and  given  in  Table  3  is  visualized  in  Fig.  1.  The 
abscissal  scale  shows  the  size  of  the  deviations  from  the  mean  in  units  of 
standard  deviation.  The  total  area  under  the  curve  is  unity,  and  proba- 
bilities, or  relative  frequencies,  are  measured  in  terms  of  the  area  between 
the  curve  and  the  horizontal  axis,  appropriate  to  the  probability  question 
asked.  For  example,  the  probability  of  the  occurrence  of  a  deviation 
greater  than  the  mean,  of  a  size  between  one  and  two  standard  deviations, 
is  given  by  the  area  A  BCD.  We  may  compare  Fig.  1  with  Table  3  by 
noting  that  the  shaded  area  which  represents  deviations  from  the  mean  in 
both  directions,  of  a  size  greater  than  one  standard  deviation,  constitutes 
about  one-third  of  the  total  area,  the  value  given  in  Table  3  being  0.3173. 

With  sampling  variability  expressed  as  in  Table  3,  it  is  possible  for  us 
to  determine  an  answer  to  the  question  as  to  the  significance  of  the  differ- 


Meoin  *  1 

Deviation  in  Units  of  Standard  Deviation 
Fig.  1. — The  normal  probability  curve. 
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ence  between  the  observed  percentages.  The  first  sample  of  size  608,  if 
drawn  from  a  universe  having  a  basic  percentage  of  49.7,  would  have  a 
standard  deviation, 

=     /(49.7)(50.3)  ^  2.0  per  cent 
\        608 

For  the  second  sample  the  standard  deviation  would  be 

^      1(49.7)  (50.3)  =1.5  per  cent 
\        1186 

We  are  interested,  however,  in  the  difference  between  these  two  samples 
and  we  shall  therefore  need  to  consider  not  merely  the  sampling  vari- 
ability of  a  percentage  as  determined  on  a  sample  of  a  given  size,  but  the 
sampling  variability  of  the  difference  between  two  quantities,  the  degree 
of  variability  of  each  quantity  being  known.  It  can  be  shown  that  when 
two  quantities  are  independent,  the  standard  deviation  of  the  difference 
between  these  quantities  is  given  by 
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Applying  this  equation  to  our  case,  we  have 


(Tdiff  =  V(2.0)-  +  (1.5)2  =  2.5  per  cent 

Thus  we  have  two  samples,  one  giving  a  death  rate  of  40.1,  the  other  a 
death  rate  of  54.6  per  cent.  The  difference  between  these  two  death 
rates  is  14.5  per  cent  and  the  standard  deviation  of  this  difference  as 
derived  above  is  2.5  per  cent.  The  difference  measured  in  units  of 
standard  deviation  is  therefore 

diff.  ^  14.5  ^  ^  g 
Cdiff         2.5 

Taking  this  value  into  Table  3,  we  see  that  the  probability  of  these  two 
samples  coming  out  of  the  same  experience  is  less  than  0.00000001.  Thus 
it  is  extremely  improbable  that  these  two  death  rates  are  samples  out 
of  the  same  universe  and  we  feel  with  a  high  degree  of  certainty  that  the 
mortality  rate  at  intensity  2.8  r  per  min.  is  definitely  less  than  the 
mortality  rate  at  intensity  5.5. 

A  similar  comparison  of  the  death  rates  at  intensity  5.5  r  per  min.  and 
22.0  r  per  min.  gives  a  probability  of  0.47  that  a  difference  at  least  as  great 
as  the  observed  would  occur  when  two  samples  of  sizes  1186  and  2340  are 
drawn  out  of  the  same  experience  (53.7  per  cent).  Thus  we  hesitate  to 
say  that  there  is  a  real  difference  in  the  effect  of  these  two  intensities  since 
there  is  such  a  large  probability  that  the  observed  difference  might  arise 
from  sampling  alone. 

An  examination  of  all  the  succeeding  intensities  in  Table  1  shows 
that  the  death  rates  fluctuate  about  a  value  in  the  neighborhood  of 
50  per  cent.  We  might  test  these  in  successive  pairs  by  the  method  just 
outlined,  but  since  they  have  so  little  variation,  we  should  like  to  test 
them  as  a  group.  We  may  do  this  by  asking  whether  the  death  rates 
for  the  intensities  5.5  to  4690  r  per  min.,  inclusive,  differ  from  each  other 
by  amounts  that  are  greater  than  would  be  expected  under  sampling.  To 
answer  this  question  we  need  the  death  rate  for  the  entire  experience 
covered  by  these  intensities.  The  total  number  of  eggs  observed  being 
15,541,  and  the  number  of  deaths,  8223,  this  death  rate  is  52.9  per  cent. 
Using  this  general  death  rate,  52.9  per  cent,  as  the  value  of  p  and  taking 
the  number  of  eggs  at  each  intensity  as  n,  we  can  calculate  the  standard 
deviation  for  each  death  rate  and  then  determine  how  far  each  death  rate 
deviates,  in  multiples  of  its  standard  deviation,  from  the  general  death 
rate.  These  12  results  are  given  in  Table  4,  together  with  the  expected 
number  in  each  class,  determined  by  applying  the  probabilities  obtained 
from  Table  3. 

The  agreement  between  the  observed  results  and  those  expected 
under  simple  sampling  would  lead  one  to  say  that  there  is  a  high  degree  of 
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probability  that  the  variation  in  the  results  over  this  range  of  intensities 
is  nothing  more  than  would  be  expected  by  chance  in  sampling  from  the 
same  universe,  and  it  would  therefore  be  dangerous  to  elaborate  a 
scientific  theory  to  explain  this  variation. 

It  should  be  emphasized  that  significance  tests  are  but  preUminary 
steps  and  do  not  constitute  an  analysis  of  the  problem.     If  we  find  that 

Table    4. — Distribution    of   Observed    Mortality    Rates   Compared    with   a 

Chance  Distribution 


Distance  from  general 

death 
dev. 

Number 

of  rates 

rate  in  units  of  stand. 

Observed 

Expected 

Less  than  1 

7 
4 
1 
0 

8.2 

1-2                   

3.3 

2-3          

0.5 

3  and  over       

0.0 

Total           

12 

12 

an  observed  difference  is  not  significant,  we  shall  attempt  no  explanation 
of  this  difference ;  but  if  the  observed  difference  is  significant,  we  proceed 
to  the  examination  of  the  possible  hypotheses  which  might  account  for 
the  observed  facts. 

TREATMENT  OF  MEASUREMENTS 

The  preceding  section  dealt  with  problems  in  which  the  character 
under  observation  was  one  that  had  a  two-way  classification,  such  as 
died  or  did  not  die,  but  in  many  cases  we  are  interested  in  a  particular 
factor  of  the  biological  form  that  is  subject  to  measurement  on  some 
scale.  In  such  cases  we  have  a  measurement  for  each  individual  organism 
of  an  experimental  and  control  group  and  the  statistical  problem  is  that 
of  summarizing  the  measurements  in  such  a  way  that  the  two  groups 
may  be  readily  compared.  We  may,  if  we  choose,  select  some  particular 
point  on  the  scale  and  state  for  the  experimental  and  the  control  group 
the  percentage  of  animals  that  fall  above  and  below  this  point,  and  then 
compare  these  percentages  by  the  method  of  the  preceding  section.  In 
so  doing,  however,  we  lose  most  of  the  advantage  of  the  measurement, 
for  the  treatment  proceeds  as  though  the  measurements  had  been  taken 
on  a  scale  having  but  one  division  point.  A  better  treatment  of  such 
measurements  gives  us  some  notion  of  the  point  on  the  scale  at  which  the 
measurements  center  and  some  idea  of  the  extent  to  which  the  individuals 
vary  from  this  centering  position. 

While  there  are  an  infinite  number  of  centering  points  that  may  be 
defined,  there  are  but  three  that  are  in  common  use,  the  arithmetic  mean, 
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the  median,  and  the  mode.  The  arithmetic  mean  is  the  sum  of  all  the 
measurements  divided  by  the  number  of  measurements,  and  next  to  a 
simple  percentage  is  probably  the  most  commonly  used  statistical  con- 
stant. The  median  is  the  point  on  the  scale  such  that  half  the  measure- 
ments are  above  this  point  and  half  the  measurements  are  below.  It  is 
obvious  that  this  definition  is  determinate  if  the  number  of  observations 
is  odd  and  not  too  great,  but  if  the  number  of  observations  is  even  or  if 
the  number  of  measurements  is  great,  the  definition  becomes  indeter- 
minate and  some  method  of  interpolation  must  be  used.  Such  methods 
will  be  illustrated  later  in  connection  with  the  use  of  probability  paper  for 
representing  a  frequency  distribution.  The  mode  is  defined  as  the  point 
on  the  scale  where  the  maximum  number  of  individuals  occur,  and 
although  this  point  may  be  determined  directly  from  the  observations, 
it  is  subject  to  such  a  degree  of  sampling  variation  that  it  is  probably 
useless  to  treat  the  mode  without  some  form  of  frequency  curve  discus- 
sion. The  difficulty  of  determination  of  the  mode  makes  it  the  least 
used  of  these  three  centering  constants. 

As  with  the  centering  constant,  the  statistical  indices  of  scatter  are 
numerous,  the  extent  of  the  variation  of  the  individuals  from  a  centering 
point  being  measured  in  terms  of  average  deviation,  standard  deviation, 
quartile  limits,  etc.  Average  deviation  is  just  what  its  name  indicates, 
the  average  amount  that  the  individuals  deviate  from  the  center,  and 
may  be  stated  separately  for  positive  deviations  (above  the  center) 
and  negative  deviations  (below  the  center)  or  may  be  stated  without 
regard  for  the  sign  of  the  deviation.  Standard  deviation  is  the  most 
commonly  used  measure  of  scatter  when  the  arithmetic  mean  is  used 
as  the  centering  point.  It  is  defined  as  the  square  root  of  the  average  of 
the  squares  of  the  deviations  of  the  individuals  from  the  mean.  Although 
not  so  simple  an  index  to  grasp  as  the  average  deviation,  it  is  used  because 
of  its  connection  with  the  theory  of  errors  and  the  normal  probability 
curve.  Standard  deviation  is  measured  in  the  same  unit  as  the  mean, 
that  is,  the  yardstick  of  measurement,  and  it  becomes  a  unit  on  this  scale 
in  terms  of  which  the  variability  of  the  indi^'iduals  is  measured.  In 
Table  3  has  been  presented  the  probability  that  an  individual  would 
deviate  from  the  mean  by  an  amount  equal  to  or  greater  than  any 
multiple  of  this  unit  of  variation.  These  probabilities  have  been  deter- 
mined on  the  assumption  that  the  material  is  distribvited  according  to 
the  normal  probability  curve,  and  Table  3  should  be  used  only  when  this 
assumption  is  reasonably  well  justified.  The  quartile  limits  are  two  points 
on  the  scale  of  measurement  of  the  same  character  as  the  median,  and  are 
appropriately  used  in  connection  with  the  median  as  a  measurement  of 
variation.  The  lower  quartile  is  the  point  below  which  one-quarter  of 
the  observations  occur,  and  the  upper  quartile  is  the  point  below  which 
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three-quarters  of  the  observations  occur.     These  Umits  have,  however, 
the  same  difficulty  of  determination  as  the  median. 

Since  the  mean  and  standard  deviation  are  the  most  commonly  used 
constants  in  summarizing  a  series  of  measurements,  the  discussion  in  this 
section  will  be  limited  to  the  treatment  of  these  two  constants.  Before 
proceeding  to  the  determination  of  these  constants  for  a  set  of  observa- 
tions, it  is  usually  convenient  to  order  the  observations  into  what  is 
called  a  frequency  distribution.  A  frequency  distribution  is  nothing 
more  than  a  table  giving  values  on  the  scale  of  measurement  and  opposite 
each  the  number  of  individuals  found  to  have  that  particular  scale  value. 
If  the  unit  of  measurement  is  very  small  compared  with  the  degree  of 
variation  between  the  smallest  and  largest  individuals  under  discussion, 
such  a  frequency  table  becomes  very  long  and  it  is  customary  to  group 
the  observations  into  classes,  giving  in  the  frequency  distribution  the 
numbers  of  individuals  falling  within  continuous  evenly  spaced  classes 
on  the  scale.  Grouping  of  this  type  amounts  to  nothing  more  than  a 
decision  that  the  original  measurements  were  taken  with  too  fine  a  scale 
division,  and  that  they  might  just  as  well  have  been  made  on  a  scale 
whose  unit  was  equal  to  the  unit  of  grouping. 

Some  of  the  various  treatments  that  can  be  given  a  frequency  dis- 
tribution and  the  determination  of  the  mean  and  standard  deviation 
may  perhaps  best  be  presented  by  analyzing  some  actual  data  and  we 
shall  take  for  this  purpose  measurements  from  a  paper  by  Muriel  Robert- 
son (6)  in  which  she  compared  the  length  of  the  protozoon  Bodo  caudatus 
in  a  sample  subjected  to  gamma-ray  radiation  with  that  of  a  nonirra- 
diated  group.  Five  hundred  bodos  were  included  in  the  irradiated  and 
the  same  number  in  the  control  group,  and  their  lengths  were  measured  in 
units  of  0.5ju.  These  measurements  arranged  in  frequency  distributions 
are  shown  in  Table  5,  the  first  column  giving  the  scale  of  the  measure- 
ments in  0.5ai  and  the  second  column  the  number  of  individuals  having 
the  length  indicated.  The  distributions  are  presented  graphically  in 
Fig.  2. 

The  mean  and  standard  deviation  of  these  500  items  might  be  com- 
puted by  following  the  definitions  directly,  but  the  amount  of  labor  can 
be  very  much  reduced  by  using  the  frequency  distribution  and  following 
the  process  given  below.  An  arbitrary  scale  labeled  x  is  selected,  the 
origin  of  this  scale  being  placed  at  any  point,  but  for  convenience  near 
the  center  of  the  distribution,  and  with  this  new  scale  the  columns  xf 
and  x-f  are  computed  as  indicated.  The  mean  and  standard  deviation 
can  then  be  obtained  by  the  following  equations: 

y,xf 
Mean  =  m  =  origin  -|-  -=qr 
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where  by  origin  we  mean  the  scale  reading  corresponding  to  the  zero 
position  for  x,  and  2  stands  for  summation, 


Standard  deviation  =  a 


\   2/         \^f) 


Since  these  measurements  are  expressed  in  terms  of  0.5/x,  it  is  necessary 
to  multiply  the  mean  and  standard  deviation  by  0.5  in  order  to  get  the 
values  in  terms  of  microns.  This  process  was  followed  in  determining 
the  means  and  standard  deviations  given  in  Table  5.     If,  as  is  not 


8      9  I    10     Ti      12      13     14  I    15     ^16     Il7     18     19  |    20     21      I     Units  of  OS  Microns 
-2  -1  Mean  +1  +2  +3    Units  of  1  cr 

Length 

Fig.  2. — Distribution  of  length  of  bodos. 


infrequently  the  case,  a  change  of  one  in  the  x  scale  corresponds  to  a 
change  of  something  other  than  one  in  the  scale  of  measurement,  adjust- 
ment for  this  scale  change  must  be  made  in  the  mean  and  standard 
deviation. 

Before  proceeding  to  the  interpretation  of  these  constants  it  will  be 
necessary  to  consider  their  sampling  variation,  that  is,  the  extent  to  which 
they  vary  under  repeated  tests.  Study  of  the  theory  of  errors  shows  that 
determination  of  the  arithmetic  mean  from  repeated  samples  out  of  the 
same  experience  leads  to  a  set  of  means  that  are  distributed  according  to 
a  normal  probability  curve.  The  standard  deviation  of  this  curve  is 
called  the  standard  error  of  the  mean  and  measures  the  variation  in  the 
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Table  5.— Distribtttion  of  Length  of  Bodos  in  Nonirradiated  and  Irradiated 

Cultures 


Length  in  units  of 

0.5^1  (midpoint  of 

class) 


Total . 


8 

9 

10 

11 

12 

13 
14 
15 
16 
17 

18 
19 
20 
21 


Frequency 
/ 


xf 


x^f 


Accumulated  frequency 


Number 


Percentage 


Nonirradiated* 

8 

5 

-4 

-  20 

80 

5 

1.0 

9 

20 

-3 

-  60 

180 

25 

5.0 

10 

60 

-2 

-120 

240 

85 

17.0 

11 

81 

-1 

-  81 

81 

166 

33.2 

12 

91 

0 

0 

0 

257 

51.4 

13 

79 

1 

79 

79 

336 

67.2 

14 

77 

2 

154 

308 

413 

82.6 

15 

43 

3 

129 

387 

456 

91.2 

16 

26 

4 

104 

416 

482 

96.4 

17 

9 

5 

45 

225 

491 

98.2 

18 

5 

6 

30 

180 

496 

99.2 

19 

3 

7 

21 

147 

499 

99.8 

20 

0 

8 

0 

0 

499 

99.8 

21 

1 

9 

9 

81 

500 

100.0 

Total   

500 

290 

2404 

Irradiated  t 


0 

7 

18 

42 

50 

74 
79 
75 
51 
42 

30 
22 

7 
3 


500 


■4 
■3 

■2. 

-1 

0 

1 
2 
3 
4 
5 

6 
7 
8 
9 


0 

21 

36 

■  42 

0 

74 
158 
225 
204 
210 

180 

154 

56 

27 


1189 


0 
63 

72 

42 

0 

74 

316 

675 

816 

1050 

1080 

1078 

448 

243 


5957 


0 

7 
25 

67 

117 

191 
270 
345 
396 

438 

468 
490 
497 
500 


0.0 

1.4 

5.0 

13.4 

23.4 

38.2 
54.0 
69.0 

79.2 
87.6 

93.6 

98.0 

99.4 

100.0 


Mean  =  6.290m 

Standard  deviation  =  1 .  057/x 

Standard  error  of  mean  =  0.047^ 

Standard  error  of  st.  dev.  =  0.033^ 


Mean  =  7.189m 

Standard  deviation  =  1.251m 

Standard  error  of  mean  =  0.056m 

Standard  error  of  st.  dev.  =  0.040m 


STATISTICAL  TREATMENT  237 

mean  to  be  expected  from  sampling  alone.     This  standard  error  is  given 
by  the  following  equation : 


Standard  error  of  mean 


Cm     — 


V 


n 


where  <r  indicates  the  standard  deviation  of  the  individuals  and  n  the 
number  of  individuals.  A  similar  treatment  of  the  standard  deviation 
determines  its  standard  error  as  follows: 

Standard  error  of  st.  dev.  =  cr^  =  — -7=. 


These  standard  errors  together  with  Table  3  may  be  used  to  indicate  the 
likelihood  that  the  mean  and  standard  deviation  would  vary  by  simple 
sampling  to  any  assigned  degree.  The  numerical  values  of  the  standard 
errors  for  the  illustration  under  consideration  are  given  at  the  bottom  of 
Table  5. 

A  comparison  of  the  average  length  of  the  irradiated  and  the  non- 
irradiated  animals  shows  a  small  difference  in  favor  of  the  irradiated 
group,  this  group  being  on  the  average  0.899m  longer  than  the  non- 
irradiated.  To  test  the  significance  of  this  difference  we  follow  the 
procedure  used  for  percentages  and  state  that  the  standard  error  of  this 
difference  is  given  by 

cdiff.  =  V<y'    +  <rl.  -^  V(.047)2  +  (.056)2  ^  o.073 


Turning  to  Table  3  with  the  value 

Diff.  _  0.899 
cTdiff.   ~  0.073 


=  12.3 


we  find  the  probability  to  be  less  than  two  in  a  billion  that  the  observed 
difference  is  due  to  simple  sampling,  and  we  are  therefore  willing  to 
proceed  to  a  discussion  of  the  reasons  for  this  difference.  Similar  treat- 
ment of  the  standard  deviation  shows  that  the  irradiated  group  has  a 
standard  deviation  0.194ju  greater  than  the  control,  and  the  standard 
error  of  this  difference  being  0.052,  the  difference  is  3.7  times  its  standard 
error.  From  Table  3  we  find  that  the  probability  of  such  a  difference 
occurring  by  simple  sampling  is  less  than  2  in  10,000  and  the  difference 
would  therefore  be  considered  significant.  Thus  the  individuals  in  the 
irradiated  group  are  not  only  longer  on  the  average  than  the  nonirradiated 
individuals,  but  they  show  a  greater  degree  of  absolute  variation  in 
length. 

In  addition  to  discussing  the  absolute  variability  of  these  forms  it  is 
of  interest  to  consider  their  relative  variability  and  this  is  indicated  by 
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a  statistical  constant  called  coefficient  of  variation  and  defined  as 

100(7 


C.  of  V.  = 


m 


this  index  number  stating  the  variability  as  a  percentage  of  the  mean. 
The  standard  error  of  the  coefficient  of  variation  is  given  approximately  by 

_  C.  of  V. 

In  the  illustration  under  consideration  the  difference  between  the  coeffi- 
cient of  variation  in  the  irradiated  and  that  in  the  nonirradiated  group 
is  0.60  with  a  standard  error  of  0.76.  The  difference  is  thus  only  0.8 
of  its  standard  error  and  there  are  approximately  40  chances  in  100  that 
such  a  difference  would  arise  from  simple  sampling.  We  shall  therefore 
call  this  difference  insignificant  and  conclude  that,  relative  to  their  means, 
the   irradiated   and   nonirradiated   animals   show   the   same   degree   of 

variation. 

The  statistical  constants  that  have  been  derived  may  be  seen  in 
graphical  relationship  to  each  other  and  to  their  respective  frequency 
distributions  in  Fig.  2. 

Since  the  distribution  of  frequency  is  so  often  compared  with  that  of 
the  normal  probability  curve,  a  paper  has  been  designed  for  the  graphical 
treatment  of  frequency  problems.  This  paper  is  called  arithmetic  proba- 
bility paper  and  has  for  one  axis  a  uniform  scale  representing  the  scale 
of  measurement  and  for  the  other  axis  a  scale  of  accumulated  percentages, 
this  scale  being  so  adjusted  that  for  normally  distributed  material  the 
accumulated  percentages  of  the  frequency  plot  as  a  straight  line.  To 
apply  this  paper  to  the  present  illustration  we  have  given  in  Table  5  the 
accumulated  frequency  stated  as  percentage  of  the  total  and  these 
accumulated  frequencies  are  shown  on  arithmetic  probability  paper  in 
Fig.  3.  On  the  vertical  scale  of  this  figure  we  have  the  length  in  0.5/i 
and  on  the  horizontal  scale  we  have  a  statement  of  the  percentage  of 
individuals  occurring  below  the  indicated  length.  The  points  for  the 
irradiated  and  nonirradiated  forms  fall  approximately  on  straight  lines, 
indicating  that  the  distributions  of  the  measurements  are  nearly  normal. 
Straight  lines  have  been  drawn  through  these  points,  more  attention  being 
paid  to  the  points  in  the  center,  since  points  at  the  extremes  are  always 
subject  to  a  higher  degree  of  variation  on  this  paper. 

Not  only  can  this  paper  be  used  to  test  whether  a  distribution  approxi- 
mates the  normal  curve,  but  it  can  also  be  used  as  a  computing  device. 
Since  the  distributions  are  approximately  normal  the  means  will  be  at  the 
50  per  cent  position,  and  reading  the  length  corresponding  to  this  point 


STATISTICAL  TREATMENT 


239 


for  the  control  animals,  we  have  12.5  units,  indicating  a  length  of  6.25m 
to  be  compared  with  the  value  6.290  obtained  by  the  computation. 
For  the  irradiated  animals  the  length  as  given  by  the  graph  is  7.15m 
to  be  compared  with  the  computed  value  of  7.189.  To  find  the  standard 
deviation,  we  note  from  Table  3  that  deviations  in  both  directions  from 
the  mean,  of  a  size  greater  than  one  standard  deviation,  should  form 
31.73  per  cent  of  the  observations.  Since  the  distribution  is  symmetrical, 
deviations  on  one  side  of  the  mean  greater  than  one  standard  deviation 
would  constitute  one-half  this  value,  or  15.87  per  cent.     From  the  graph 
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Fig.    3. — Accumulated    frequency    distribution    of   lengths   of    Bodo   caudatus   plotted    on 

arithmetic  probability  paper. 

for  the  control  group,  the  percentage  15.87  corresponds  to  a  measurement 
reading  of  10.25,  which  differs  from  the  reading  at  the  mean  (12.5)  by 
2.25  units.  Thus  the  standard  deviation  obtained  graphically  is  1.125  m, 
while  that  given  by  the  computation  was  1.057.  For  the  irradiated 
animals  the  difference  between  the  reading  at  15.87  and  that  at  50  per 
cent  is  2.50  units,  indicating  a  standard  deviation  of  1.25m  as  compared 
with  the  computed  value  of  1.251. 

At  times  when  we  are  comparing  the  difference  between  means  for  an 
experimental  and  control  group  we  have  a  series  of  means  such  that  taking 
them  in  corresponding  pairs,  the  experimental  group  does  not  differ 
significantly  from  the  control  for  any  single  pair  and  yet  the  difference 
is  always  in  the  same  direction,  which  supports  the  view  that  a  real 
difference  exists.     We  may  accumulate  this  evidence  and  test  the  signifi- 
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cance  of  the  difference  between  the  two  series  as  a  whole  by  deriving  the 
difference  divided  by  the  standard  error  of  the  difference  for  each  pair 
of  means  and  averaging  these  ratios.  If  there  is  no  difference  between 
experimental  and  control  groups,  these  ratios  for  a  series  of  differences 
should  average  to  zero,  with  a  standard  deviation  of  unity.  The  standard 
error  of  the  average  of  these  ratios  will  therefore  be  l/\/n,  where  n  is 
the  number  of  pairs  of  values  to  be  compared.  If  this  mean  is  signifi- 
cantly different  from  zero  we  may  conclude  that  the  entire  series  of  obser- 
vations indicates  a  significant  difference  between  experimental  and 
control. 

The  process  may  be  illustrated  by  a  set  of  observations  from  the  paper 
by  Muriel  Robertson  (6),  in  which  she  compares  at  various  times  during 
a  growth  period  of  23  hr.,  the  mean  length  of  a  sample  of  irradiated  bodos 
with  a  similar  sample  not  irradiated.  Table  6  presents  the  mean  values 
and  their  standard  errors  for  the  irradiated  and  nonirradiated  groups  at 
five  different  times  within  the  23-hr.  interval. 

Table  6. — Mean  Lengths  of  Irradiated  and  Nonirradiated  Bodos  for 
Different  Times  in  a  Twenty-three-hour  Growth  Period 


Time  of  growth,  hr. 

7.5 

10.5 

13 

19 

23 

m 

<Tm 

m 

«•,„ 

m           (Tm 

m 

(Tm 

m 

ffm 

Nonirradiated 

Irradiated  

Diff.  of  means 

Stand,  error  of  difT 

14.10 
14.12 
0.( 
O.L 

0.21 
0.19 
)2 

?8 

12.90 

13.36 

0.^ 

0.; 

0.21 
0.20 
16 
^9 

13.26 

13.45 

0.] 

0.^ 

0.20 
0.17 
19 
>6 

13.22 

13.69 

0.^ 

0.^ 

0.21 
0.17 
17 
17 

12.17 

12.98 

0.^ 

O.i 

0.14 
0.20 

n 

J4 

Diflf./o-Hiff 

0.07 

1.59 

0.73 

1.74 

3.38 

The  ratio  of  the  difference  between  these  means  to  the  standard  error 
of  the  difference  is  small  enough  so  that  at  no  point  except  possibly  the 
last  one  are  we  assured  that  the  difference  may  not  quite  likely  be  due 
to  sampling.  The  average  ratio  of  the  difference  to  its  standard  error 
is  1.502  and  the  standard  error  of  this  average  is  l/\/5  or  0.447.  Thus 
the  average  is  3.36  times  its  standard  error  and  interpolating  in  Table  3, 
we  find  that  the  probability  is  less  than  1  in  1000  that  such  a  series  of 
observations  would  arise  by  chance  if  no  real  difference  between  the  irradi- 
ated and  nonirradiated  group  existed.  Thus  we  may  conclude  that  the 
differences  observed  at  the  various  times  are  really  significant  differences 
in  spite  of  the  fact  that  they  did  not  show  up  to  be  significant  on  the 
basis  of  the  individual  tests. 
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The  preceding  illustrations  have  presented  methods  for  treating  a 
series  of  measurements  in  a  few  of  the  simplest  statistical  constants,  but 
since  we  are  in  general  interested  in  as  direct  and  simple  a  summary  of 
the  observations  as  possible,  these  methods  will  usually  be  found  to  be 
sufficient.  In  certain  cases  the  measurements  may  have  some  more 
elaborate  statistical  characteristics,  such  as  skewness  or  bimodality,  that 
are  capable  of  biological  interpretation  and  are  therefore  worthy  of  inves- 
tigation. These  factors  will  obviously  demand  more  complex  treatment, 
but  their  development  will  follow  natural  extensions  of  the  logic  so  far 
employed. 

TREATMENT  OF  LETHAL  DOSE 

Since  many  forms  of  radiation  destroy  living  matter  if  sufficient  dosage 
is  used,  one  of  the  very  common  problems  encountered  in  the  study  of 
the  effect  of  radiation  on  organisms  is  that  of  the  size  of  dose  necessary 
to  kill  the  organism.  It  is  usually  found  that  if  a  group  of  organisms  is 
subjected  to  a  sufficiently  smah  dosage,  none  of  the  forms  dies,  but  that 
as  the  dosage  is  increased,  an  increasing  percentage  dies  until  ultimately 
a  dosage  is  reached  at  which  all  of  them  are  killed.  If  we  plot  the  per- 
centage of  survivors  against  dosage  an  S-shaped  curve  results  running 
from  100  per  cent  for  small  doses  down  through  to  zero  per  cent  for  large 
doses.  This  curve  describes  the  lethal  power  of  the  form  of  radiation 
used  on  the  particular  organism  subjected  to  experimentation.  As  an 
abbreviated  statement  of  the  lethal  power  of  the  radiation  on  the  organ- 
ism, the  term  lethal  dose  has  been  used.  The  words  lethal  dose  have 
not  been  consistently  used  by  different  writers ;  some  have  used  the  words 
to  indicate  the  dosage  below  which  all  animals  would  live  but  at  which 
one  or  two  would  begin  to  die,  others  have  used  the  words  to  indicate 
the  minimal  dosage  at  which  all  the  animals  would  be  killed,  and  still 
others  have  called  the  lethal  dose  that  at  which  50  per  cent  of  the  animals 
would  die.  All  three  of  these  definitions  are  statistical  in  character  and 
are  based  on  the  above  described  S-shaped  curve.  The  first  two  defini- 
tions are  dependent  on  the  end  points  of  the  range  of  the  curve,  while 
the  third  definition  involves  a  centering  point.  Since  range  is  a  statistical 
constant  having  a  high  degree  of  variability,  the  end  points  are  sta- 
tistically less  stable  than  the  centering  point  and  therefore  the  third 
definition  is  to  be  preferred  and  is  the  one  which  will  be  indicated  when- 
ever the  words  lethal  dose  are  used  in  this  chapter. 

The  accurate  determination  of  lethal  dose  is  obviously  often  a  tedious 
and  expensive  procedure,  for  it  calls  for  the  determination  at  a  variety 
of  dosages  of  the  percentage  of  animals  killed,  and  therefore  at  each 
dosage  enough  animals  must  be  used  to  determine  a  percentage  with  a 
reasonable  degree  of  precision.     If  the  biological  form  used  for  experi- 
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mental  purposes  is  a  bacterium,  some  protozoon  form,  or  the  well-known 
fruit  fly  Drosophila  melanogaster,  it  is  easily  possible  to  determine  the 
percentage  of  deaths  at  a  variety  of  dosages  with  a  high  degree  of  accur- 
acy, but  if  some  of  the  larger  forms  are  used,  such  as  the  rat  or  the  rabbit, 
the  expense  of  the  accurate  determination  of  these  percentages  is  usually 
prohibitive.  For  that  reason  our  best  illustrations  of  lethal-dose  curves 
are  found  when  the  smaller  forms  are  used,  as  for  instance  those  given  by 
Packard  (3,  4)  for  Drosophila  eggs,  two  of  which  are  given  in  Fig.  4. 

Since  the   change   in  percentage   mortality  is   an   S-shaped   curve, 
similar  to  that  of  accumulated  frequencies  of  the  normal  probability 
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-Survivorship  rate  of  Drosophila  eggs  exposed  to  X-rays  of  different  intensities. 


curve,  the  probability  paper  previously  described  will  be  found  useful 
for  its  graphic  representation.  In  some  cases  the  observed  points  will 
plot  on  such  paper  in  essentially  linear  fashion  and  when  a  straight  line 
is  drawn  through  the  points  the  50  per  cent  position  representing  the  lethal 
dose  may  be  read  directly  from  the  graph.  We  may  also  read  from  such 
graphs  the  standard  deviation  of  the  curve,  which  would  be  a  measure  of 
the  variation  in  the  response  of  the  organism  to  the  radiation.  In  other 
cases,  such  as  those  of  Packard  (3),  referred  to  above,  the  percentage 
mortality  does  not  plot  in  linear  fashion  against  the  dosage  on  arithmetic 
probability  paper,  due  to  the  skewness  of  the  S-shaped  curve.  This 
skewness  can  sometimes  be  taken  account  of  and  a  linear  plot  obtained 
by  using  the  logarithm  of  the  dosage  and  making  a  plot  on  arithmetic 
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probability  paper,  or  by  using  specially  prepared  logarithmic  probability 
paper.  In  either  of  these  cases  we  have  a  quick  and  reasonably  accurate 
method  of  arriving  at  the  value  of  the  lethal  dose. 

The  method  just  outlined  is  satisfactory  when  it  is  possible  to  use  a 
large  number  of  animals  for  the  determination  of  each  percentage.  But 
when  we  are  limited  to  a  few  animals,  an  approximate  determination  of 
lethal  dose  will  have  to  be  made  and  the  procedure  given  in  the  follow- 
ing illustration  will  usually  be  found  satisfactory  for  summing  up  the 
evidence  contained  in  the  observations.  In  Table  7  is  presented  a  series 
of  observations  made  by  Russ  et  al.  (7)  for  the  determination  of  the 
dosage  of  penetrating  X-rays  necessary  to  kill  the  cat.  The  total  number 
of  animals  used  was  27,  and  these  animals  in  groups,  varying  in  size 
from  2  to  10  were  subjected  to  dosages  over  a  range  from  0.22  Ti  to  1.1  Tx. 

Table  7. — Mortality  of  Cats  Subjected  to  X-ray  Radiation 


Observed  num 

ber  of 

Implicit  number  of 

Duration  of 

animals 

animals 

Probability 

of  dying 

n  +  1 

radiation  in 
terms  of  Ti 

Tested 

Sur- 
viving 

Dying 

Tested 
m  +  n 

Sur- 
viving 
m 

Dying 
n 

m  +  n  +2 

0.22 

2 

2 

0 

8 

8 

0 

0.10 

0.28 

2 

2 

0 

6 

6 

0 

0.13 

0.36 

2 

1 

1 

5 

4 

1 

0.29 

0.45 

10 

3 

7 

11 

3 

8 

0.69 

0.55 

7 

0 

7 

15 

0 

15 

0.94 

0.74 

2 

0 

2 

17 

0 

17 

0.95 

1.1 

2 

0 

2 

19 

0 

19 

0.95 

Inspection  of  Table  7  shows  that  it  is  obviously  impossible  to  deter- 
mine the  percentage  dying  at  each  of  the  various  dosages,  but  we  can 
make  an  approximation  to  the  lethal  curve  by  making  use  of  the  two 
following  assumptions:  (a)  All  animals  tested  at  any  given  dosage  and 
found  to  survive  would  have  survived  if  subjected  to  a  smaller  dosage. 
(6)  All  animals  tested  at  a  given  dosage  and  found  to  die  would  have 
died  if  subjected  to  a  larger  dosage.  Applying  these  two  assumptions  to 
the  observations  in  the  table,  we  can  set  up  the  columns  headed  m, 
implicit  survivals,  and  /;,  implicit  deaths.  From  the  probability  theorem 
that  if  an  event  has  happened  n  times  and  has  failed  to  happen  m  times, 
then  the  probability  that  on  the  next  trial  the  event  will  happen  is  given 
by  (n  +  l)/(m  -f  n  +  2),  we  may  arrive  at  a  figure  indicating  the  likeli- 
hood that  a  cat  will  die  at  each  of  the  dosages  tried.  Plotting  these 
probabilities  against  the  dosages  on  arithmetic  probability  paper,  drawing 
a  straight  line  through  the  points,  and  reading  the  dosage  corresponding 
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to  the  50  per  cent  position,  we  may  determine  the  lethal  dose.  For  this 
particular  illustration  the  lethal  dose,  as  read  from  Fig.  5,  is  approxi- 
mately 0.40  Ti. 

While  the  procedure  just  outlined  is  obviously  an  approximate 
method,  it  will  determine  the  lethal  dose  as  accurately  as  figures  of  this 
sort  warrant.  If  we  also  read  from  the  graph  the  number  of  units  of 
dosage  corresponding  to  the  standard  deviation,  we  have  a  measure  of 
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0.7 


the  individual  variability  of  animals  in  their  reaction  to  the  radiation. 
The  value  of  the  standard  deviation  so  read  is  slightly  higher  than  it 
should  be,  for  although  the  two  assumptions  given  above  do  not  disturb 
the  centering  point,  they  do  tend  to  increase  the  spread  of  the  S-shaped 
curve  describing  the  lethal  action. 

CURVE  FITTING 

The  effects  of  radiation  will  often  be  measured  in  terms  of  more  than 
one  variable  and  a  summary  of  the  results  of  such  cases  will  necessitate 
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putting  the  variables  concerned  into  relationship  to  each  other.  Where 
there  are  but  two  variables  we  may  at  times  take  the  ratio  of  one  variable 
to  the  other  and  give  our  solution  in  terms  of  this  ratio,  but  in  most 
problems  the  solution  will  involve  the  formulation  of  some  other  equa- 
tional  relationship.  Such  problems  will  involve  curve  fitting  by  either 
an  analytical  or  graphical  method,  and  the  equational  relationships  may 
be  based  on  some  form  of  rationalization  or  may  be  entirely  empirical. 
Since  in  science  we  aim  at  as  simple  a  rationalization  as  possible,  the 
results  of  many  problems  are  stated  either  in  terms  of  a  linear  equation 
or  in  terms  of  an  exponential  equation.  These  two  equations  allow  the 
treatment  respectively  of  the  case  where  one  variable  changes  at  a  uniform 
absolute  rate  with  regard  to  the  other,  and  the  case  where  one  variable 
changes  at  a  constant  relative  rate  with  regard  to  the  other.  Since  these 
two  equations  are  so  widely  applied,  the  methods  of  treating  them  will  be 
developed  in  the  two  following  illustrations: 

As  a  possible  application  of  a  linear  equation,  let  us  consider  the 
observations  reported  by  Laurens  (2)  on  the  effect  of  carbon-arc  radiation 
on  essential  hypertension  in  man.  We  may  limit  our  discussion  to  two 
of  his  measurements,  that  of  systolic  blood  pressure  before  and  after 


Table  8. — Systolic  Blood  Pressure  of  Subject  F  before  and  after  Treatment 

WITH  Carbon-arc  Radiation 


Blood  pressure, 

Blood  pressure, 

Blood  pressure, 

Visit 

mm. 

Hg 

Visit 

mm. 

Hg 

Visit 

mm. 

Hg 

No. 

No. 

No. 

Before 

After 

Before 

After 

Before 

After 

1 

230 

220 

20 

168 

162 

42 

188 

178 

2 

190 

180 

21 

190 

182 

43 

198 

190 

3 

165 

168 

22 

178 

168 

44 

191 

178 

4 

176 

178 

25 

200 
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45 

188 

162 

5 

166 

175 

27 

186 

180 

46 

188 

176 

6 

182 

170 

28 

186 

182 

47 

208 

188 

7 

178 

145 

29 

196 

180 

48 

190 

178 

8 

165 

153 

30 

200 

188 

49 

196 

172 

9 

170 

150 

31 

198 

176 

50 

172 

180 

10 

160 

140 

32 

178 

168 

51 

210 

186 

11 

180 

178 

33 

210 

198 

52 

170 

168 

12 

180 

170 

34 

178 

176 

53 

168 

168 

13 

188 

178 

35 

182 

148 

54 

174 

178 

14 

190 

192 

36 

178 

150 

55 

215 

195 

15 

180 
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37 

170 

188 

56 

186 

195 

16 

182 

168 

38 

170 

166 

57 

185 

190 

17 

180 

176 

39 

175 

176 

58 

188 

198 

18 

186 

170 

40 

190 

178 

19 

188 

184 

41 

210 

196 
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radiation.  For  the  purposes  of  this  illustration  we  shall  treat  the 
measurements  on  subject  F  which  are  presented  in  Table  8. 

Although  the  effects  of  radiation  are  in  this  case  given  in  terms  of 
two  measurements,  blood  pressure  before  and  after  radiation,  the  fact 
that  we  are  interested  in  the  possible  rise  or  fall  in  blood  pressure  would 
lead  us  immediately  to  a  consideration  of  the  difference  between  the  two 
pressures.  If  we  form  this  difference  for  the  55  visits  for  which  treatment 
was  given,  we  find  that  there  was  an  average  fall  in  pressure  of  9.1  mm. 
Hg.  If  this  fall  in  pressure  had  occurred  uniformly  throughout  the 
series  of  observations,  it  would  only  be  necessary  to  determine  its  degree 
of  variation  and  the  problem  would  be  resolved  by  the  treatment  of  one 
variable  alone,  that  is,  the  fall  in  pressure.  Examination  of  the  measure- 
ments, however,  shows  that  there  is  a  decided  tendency  for  the  larger 
falls  to  occur  in  the  cases  where  the  initial  pressure  was  high,  and  we  must 
therefore  consider  the  difference  in  relation  to  the  initial  pressure.  By 
plotting  the  fall  in  pressure  against  the  initial  pressure  for  each  of  the 
observations,  we  see  that  they  are  not  in  direct  ratio  to  each  other,  and 
therefore  a  treatment  of  the  drop  in  pressure  as  a  percentage  of  the  initial 
reading  would  be  inappropriate.  We  may,  however,  derive  an  equational 
relationship  that  will  give  us  the  average  drop  in  pressure  for  each  initial 
pressure  by  treating  this  as  a  problem  in  simple  linear  correlation. 

Simple  linear  correlation  analysis  merely  means  the  determination  of 
a  straight  line  to  represent  the  average  values  of  one  variable  for  given 
values  of  the  other,  and  of  some  measure  of  the  degree  of  variation  of  the 
points  about  the  line.  This  solution  may  be  outlined  as  follows:  Let  y 
represent  the  fall  in  pressure  and  x  the  initial  pressure.  Then  a  linear 
relation  between  these  variables  may  be  represented  by  the  equation 

y  =  a  -]r  hx 

in  which  a  is  dependent  upon  the  choice  of  origin  and  is  therefore  rela- 
tively unimportant,  and  h  represents  the  change  in  the  fall  of  blood 
pressure  for  each  unit  change  in  the  blood  pressure  itself.  The  values 
of  a  and  6  derived  by  the  method  of  least  squares  will  be  given  by  the 
following  equations: 

a  =  niy  —  hnix 
6  =  r— 

where  nix,  niy,  Cx,  ay,  represent  the  means  and  standard  deviations  of 
X  and  y  as  defined  in  the  section  treating  measurements,  and  r  is  called 
the  coefficient  of  correlation  and  is  given  by  the  formula 

(Xxy/n)  —  ntxtny 
r  =  

<Jx(Ty 
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The  only  additional  computation  necessary  for  the  determination  of 
r  after  the  means  and  standard  deviations  have  been  derived  is  the 
multiplication  of  each  x  value  by  the  corresponding  y  value,  the  summa- 
tion of  these  products,  and  the  division  of  this  sum  by  the  number  of 
pairs  of  values  involved.  When  there  are  a  relatively  small  number  of 
pairs  of  observations  as  is  the  case  in  this  illustration,  this  calculation 
may  be  done  directly,  but  if  the  number  of  observations  is  very  much 
greater,  the  arithmetic  procedure  may  be  simplified  by  making  use  of  a 
correlation  table  and  by  its  treatment  as  outlined  in  standard  textbooks 
on  statistical  method. 

Applying  the  direct  method  to  the  observations  in  Table  8,  we  have 
the  following  results.  The  mean  systolic  pressure  before  radiation  is 
185  mm. ;  the  variation  in  these  initial  readings  is  indicated  by  a  standard 
deviation  of  14  mm. ;  the  mean  drop  in  pressure  is  9.1  mm. ;  and  the  stand- 
ard deviation  of  this  drop  is  10.9  mm.,  indicating  a  high  degree  of  varia- 
tion in  the  effect  of  the  radiation  on  different  days.  The  correlation 
between  the  drop  in  pressure  and  the  initial  pressure  is  indicated  by  the 
coefficient  of  correlation,  r,  of  0.32.  The  values  of  a  and  b  as  determined 
by  the  above  equations  are  —37.4  and  0.25,  respectively,  so  that  the 
equation  relating  the  drop  in  pressure  to  the  initial  pressure  is 

y  =  0.25x  -  37.4 

This  equation  written  in  the  form 

y  =  0.25(x  -  150) 

shows  that  when  the  systolic  pressure  before  radiation  was  150  mm., 
the  average  drop  was  zero,  and  that  for  initial  pressures  below  150  mm., 
the  average  drop  was  negative,  indicating  a  rise  in  pressure  on  the  average, 
after  radiation.  The  value  of  the  h  constant  shows  that  for  each  unit 
that  the  initial  pressure  stood  above  150  mm.  the  drop  increased  on  the 
average  0.25  mm.  Thus  we  have  in  two  statistical  constants  a  and  h 
a  statement  of  the  way  in  which,  for  this  individual,  the  average  drop 
in  systolic  blood  pressure  following  radiation  changed  according  to  the 
initial  pressure. 

In  a  similar  way  we  might  study  the  variation  of  drop  in  systolic 
pressure  according  to  duration  of  irradiation,  and  the  results  of  the  two 
solutions  might  be  thrown  together  by  the  method  of  partial  correlation, 
as  outlined  in  any  standard  text.  The  satisfactory  statistical  treatment 
of  this  problem  in  a  general  sense  would  involve  the  determination  and 
analysis  of  a  series  of  h  constants  for  a  variety  of  patients. 

Other  than  the  straight  line,  the  most  commonly  used  equational 
relationship   is   the  exponential  form,   or  the   equation  for  geometric 
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increase  or  decrease.  This  equation  may  be  written  in  a  variety  of 
forms,  among  them  being 

where  e"  =  10"  =  .4  =  the  value  of  y  when  x  =  0 

and      e^  =  10*  —  B  —  the  ratio  of  the  y  vahie  at  any  x  position  to  the 

y  value  at  the  position,  x  —  1.     Since  the  equation  may  also 

be  written  in  the  form 

log  y  =  a  -\-  bx 

we  see  that  the  logarithm  of  y  is  related  to  x  in  linear  fashion  and  the 
constants  a  and  b  may  be  derived  by  using  the  logarithms  of  the  y  values 
with  the  corresponding  x  values  and  following  the  procedure  just  outlined 
for  the  straight  line.  To  facilitate  the  treatment  of  such  relationships, 
arithlog  plotting  paper  has  been  developed  having  an  arithmetic  scale 
on  one  axis  and  a  logarithmic  scale  on  the  other.  On  such  paper  we  may 
plot  our  X  values  arithmetically  and  our  y  values  logarithmically,  and  if 
the  observed  material  is  following  an  exponential  relationship,  the  points 
obtained  will  fall  on  a  straight  line  except  for  experimental  variations. 

This  exponential  equation  might  be  appropriately  applied  to  the 
observations  taken  by  Henshaw  (1)  in  his  study  of  the  effect  of  roentgen 
rays  on  the  time  of  the  first  cleavage  of  marine  invertebrate  eggs.  Differ- 
ent lots  of  the  eggs  were  irradiated  for  different  lengths  of  time  and 
inseminated  at  varying  times  after  the  beginning  of  irradiation,  the  delay 

Table  9. — Effect  of  Roentgen  Rays  on  the  Retardation  in   Onset  of  First 
Cleavage  in  Arbacia  Eggs  According  to  Duration  of  Exposure  and  Time 

of  Insemination 

Exposure,  min. 


10 


20 


40 


60 


Interval, 


Retar- 

Inter- 

Retar- 

Inter- 

Retar- 

Inter- 

Retar- 

Inter- 

dation, 

val, 

dation, 

val, 

dation, 

val, 

dation, 

val, 

min. 

nun. 

min. 

mm. 

mm. 

mm. 

mm. 

mm. 

Retar- 
dation, 
min. 


5 
15 
25 
45 
65 
85 
125 
165 


15.5 

10 

24.8 

20 

30.2 

40 

46.8 

80 

14.0 

20 

21.5 

30 

26.8 

50 

42.0 

100 

11.8 

30 

19.8 

40 

23.2 

60 

38.5 

120 

10.5 

50 

17.8 

60 

21.8 

80 

32.8 

140 

9.5 

70 

16.0 

80 

18.2 

100 

28.0 

180 

8.0 

90 

13.8 

100 

16.8 

120 

24.8 

220 

5.8 

130 

10.5 

140 

13.0 

160 

18.5 

5.5 

170 

8  5 

180 

9.0 

200 

14.2 

55  8 
44  5 
38.2 
35.5 
28.8 
20.2 


Note:  Interval,  min  =  Interval  from  start  of  irradiation  to  insemination,  minutes. 
Retardation,  min,  =  Retardation  in  cleavage,  minutes. 
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in  cleavage  time  being  recorded  for  each  of  these  conditions.  Some  of  his 
results  are  shown  in  Table  9,  and  if  these  results  are  plotted  on  arithlog 
paper,  the  points  for  each  of  the  different  degrees  of  exposure  fall  essen- 
tially on  a  straight  line.  If  we  take  the  logarithm  of  the  delay  in  cleavage 
and  determine  a  linear  relationship  between  these  logarithms  and  the 
insemination  time,  we  have  the  following  values  of  the  constants  for  each 
degree  of  exposure: 


Length  of 

a 

b 

exposure, 

min. 

5 

1.168 

-0.00289 

10 

1,396 

-0.00281 

20 

1.519 

-0.00306 

40 

1.780 

-0.00319 

60 

1.956 

-0.00291 

While  the  values  of  a  increase  with  additional  exposure,  the  b  values  are 
astonishingly  constant.  The  standard  error  of  these  h  constants  is  of  the 
order  of  0.00010  and  it  is  obvious  that  the  values  do  not  differ  from  each 
other  more  than  would  be  expected  by  simple  sampling.  If  we  treat 
the  entire  series  of  observations  simultaneously,  we  obtain  as  our  value 
of  b,  —0.00298,  and  using  the  previously  derived  values  of  a  with  this 
value  of  b,  we  have  for  our  equations  representing  the  relationship  between 
the  delay  in  cleavage  and  the  time  after  irradiation  of  insemination, 


Exposure,  min. 
5 
10 
20 
40 
60 


Equation 


y 
y 
y 
y 
y 


1QlA68—.00i9ix 
JQ1.3%-.00298x 
JQ1.519-. 002981 
JQ1.780-. 002981 
JQl. 956-. 002981 


14.7(0.99316)^ 
24.9(0.99316)^ 
33.0(0.99316)- 
60.3(0.99316)- 
90.4(0.99316)- 


These  equations  are  plotted  on  an  arithlog  scale  in  Fig.  6  and  we  see 
that  the  agreement  between  theory  and  observation  is  excellent  except 
for  the  case  of  the  40-min.  exposure.  In  this  case  the  rate  of  decline  seems 
to  be  slightly  greater  than  that  given  by  the  theoretical  expression. 
This  divergence  is  not  sufficient,  however,  to  make  us  seriously  question 
our  assumption  that  the  rate  of  decline  is  constant  for  different  degrees  of 
exposure. 

Turning  to  the  interpretation  of  these  equations,  we  see  that  the 
general  order  of  the  delay  in  cleavage,  as  represented  by  the  constant  A, 
increases  with  increasing  exposure  to  radiation.  But  for  each  duration  of 
exposure  the  amount  of  retardation  of  cleavage,  y,  diminishes  with  delay  in 
insemination,  x.     This  approach  of  the  cleavage  time  toward  the  normal 
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time  proceeds  at  a  rate  represented  by  B  (0.993).  Thus  the  eggs  recover 
as  to  their  cleavage  time  at  a  rate  of  0.7  per  cent  per  min.  of  delay  in 
insemination.  This  rate  of  recovery  in  cleavage  time  with  increasing 
delay  of  insemination  is  constant  for  various  degrees  of  exposure. 

Having  derived  any  equational  relationship  between  two  variables, 
such  as  the  ones  just  discussed,  we  naturally  want  some  measure  of  the 
accuracy  with  which  the  equations  represent  the  observed  facts.  The 
variability  of  the  observed  points  about  the  curve  is  usually  measured  in 


to     20    30    40    50    bO    70    80    90   100  110   120   130  140  150  160  170  180  190  200  210   220 
Interval   From  Irradiation  to  Insemination  tMinutes) 

Fig.  6. — Recovery  of  Arbacia  eggs  from  the  effect  of  roentgen  rays  on  their  cleavage  time. 

terms  of  a  standard  deviation  which  we  shall  represent  by  the  symbol 
(Ty.  X.  This  standard  deviation  is  obtained  by  calculating  from  the  equation 
a  y  value  for  each  point  on  the  x  scale  where  an  observation  has  been 
made,  and  then  following  the  equation 


^y.x  —  y\ 


S(l/ob6     —     Vc^cY 

n  —  a 


where  n  is  the  number  of  points  to  which  the  equation  has  been  fitted  and 
a  represents  the  number  of  derived  constants.  This  standard  deviation 
may  be  used  in  connection  with  Table  3  to  determine  the  extent  of  the 
variation  between  the  observed  and  calculated  values.  It  is  also  the  basis 
for  the  computation  of  the  degree  of  sampling  variation  of  the  derived 
constants  of  the  equation. 

The  methods  outlined  in  this  paper  are  characteristic  of  statistical 
treatment  as  a  whole,  and  although  they  may  seem  varied  in  type,  they 
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all  have  the  same  general  aim.  They  attempt,  broadly  speaking,  to  take 
a  number  of  observations  in  quantitative  form  and  sum  them  up  in  a  few 
meaningful  constants,  the  sampling  variation  of  these  constants  always 
being  taken  into  consideration.  The  value  of  the  statistical  method  does 
not  lie,  however,  in  the  mere  determination  of  these  constants,  but  rather 
in  the  fact  that  by  expressing  our  scientific  ideas  in  quantitative  form  we 
tend  toward  a  more  logical  treatment  of  the  particular  problem  in  which 
we  are  interested.  One  not  infrequently  sees  papers  in  which  the 
observations  have  been  given  statistical  treatment,  but  the  constants 
seem  to  have  been  derived  because  they  are  fashionable,  since  at  no  time 
have  they  been  used  for  the  development  of  the  scientific  argument. 
Statistical  constants  should  not  be  derived  hit  or  miss,  but  the  treatment 
given  any  particular  problem  should  be  in  line  with  the  scientific  question 
asked,  in  which  case  the  results  will  lend  themselves  directly  to  the 
development  of  our  line  of  thought. 
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PART  1.     THEORY 

Theory  of  chemical  reaction.  Activation  of  molecules.  Types  of  radiation.  Types 
of  spectra.  Laws  involved  in  photochemical  reactions.  Quantum  theory.  Photo- 
chemical phenomena.  Chemical  kinetics.  Photochemical  kinetics.  Influence  of  various 
factors  on  photochemical  reactions.  Experimental  technique.  General  procedure. 
References.     Part  1. 

Photochemical  reactions  are  chemical  reactions  which  are  produced 
directly,  or  indirectly,  by  the  absorption  of  radiation.  Qualitative 
photochemistry  has  been  studied  for  a  very  long  time,  but  only  within  the 
past  decade  or  so  has  the  quantitative  study  of  photochemical  reactions 
been  reduced  to  an  exact  basis.  The  theory  of  photochemistry  also  has 
received  important  impetus  within  the  last  few  years  through  advances 
in  the  interpretation  of  spectra  and  in  the  new  developments  of  chemical 
kinetics.  In  order  to  understand  photochemical  reactions  a  brief  survey 
must  be  given  first  of  our  present  theories  of  chemical  reactivity. 

THEORY  OF  CHEMICAL  REACTION 

It  is  now  generally  accepted  that  chemical  reaction  must  be  preceded 
by  an  activation  process.  The  mere  existence  of  slow  chemical  reactions 
supports  this  view.  If  activation  were  not  necessary,  it  would  be 
expected  that  all  molecules  would  be  in  similar  states  of  reactivity  and 
that  the  reaction  would  be  nearly  instantaneous.  It  is  true  that  many 
instantaneous  reactions  are  known,  but  these  occur  at  very  high  tem- 
peratures where  there  is  a  high  activation  or  they  occur  between  ions, 
particularly  in  aqueous  solutions,  and  these  ions  may  be  regarded  as 
atoms  in  a  state  of  activation. 

The  heat  of  a  chemical  reaction  is  not  a  measure  of  the  energy  required 
to  activate  the  molecules.  The  heat  of  a  chemical  reaction  is  equal  to 
the  difference  between  the  energy  required  to  activate  the  forward  reac- 
tion and  the  energy  evolved  when  the  products  are  formed  from  the 
activated  reactants.  This  relationship  is  shown  in  Fig.  1.  Activation 
in  ordinary  chemical  reactions  is  assumed  to  be  caused  by  collisions 
between  molecules,  and  is  thus  due  to  heat.  In  a  given  number  of 
molecules  at  a  definite  temperature  some  of  the  molecules  will  be  moving 
rapidly  and  some  slowly  and  the  distribution  of  the  velocities  among  the 
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Aciivafed 
state 


different  molecules  follows  a  probability  curve  as  shown  at  A  in  Fig.  2. 
This  relation  is  known  as  the  Maxwell-Boltzmann  distribution  law.  In 
ordinary  reactions  which  proceed  slowly,  only  those  molecules  which  are 
moving  with  very  high  velocities  can  produce  activation  sufficient  to  carry 
on  the  chemical  reaction.  For  example,  only  those  molecules  which 
have  a  velocity  greater  than  Y  can  take  part  in  a  chemical  reaction.     The 

value  of  Y  will,  of  course,  be 
different  for  different  chemical 
reactions.  When  the  temper- 
ature is  raised,  the  distribution 
of  velocities  among  the  different 
molecules  is  changed  in  a  man- 
ner suggested  by  the  curve  B. 
It  will  be  noted  that  the  forms 
of  these  curves  are  such  that 
at  the  higher  temperatures 
there  is  a  very  great  increase  in 
the  number  of  molecules  having 
the  high  velocities.  For  exam- 
ple, the  ordinate  YT>  is  much 
greater  than  the  ordinate  FC, 
but  there  is  not  so  much  differ- 
activa-  gj^cg  between  the  ordinates  of 

the  slower 

left.     This 

number 
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Fig.    1. — Relation   between   energy    of 
tion   and  heat  of   reaction.      A.   Energy   absorbed 


in  activating  reactants.     B.  Energy  evolved  when  the    tWO    CUrVCS    at 
activated  reactants  react  to  give  products.      C.  Net  velocities      at      the 
heat  evolved  in  the  reaction. 

large  mcrease  m  the 
of  molecules  having  high  velocities  at  the  higher  temperature  explains 
the  fact  that  temperature  has  such  a  large  effect  in  accelerating  a  chemical 
reaction.  The  number  of  molecules  having  sufficiently  high  velocities  to 
become  activated  increases  rapidly  with  the  temperature.  (The  broken 
lines  in  Fig.  2  will  be  discussed  later.) 

Another  concept  which  is  found  useful  in  interpreting  chemical  reac- 
tions is  that  of  the  variation  with  distance  of  the  attractive  force  between 
the  atoms.  This  relationship  shown  in  Fig.  3  was  due  originally  to 
Franck.  In  the  case  of  some  atoms  (helium,  for  example)  there  is  no 
attraction  and  the  atoms  repel  each  other  at  all  distances  shown  in 
curve  A.  In  other  systems,  shown  at  B,  the  atoms  attract  each  other 
and  the  attraction  becomes  greater  the  nearer  the  atoms  approach  to 
each  other,  as  in  the  case  of  electrically  charged  bodies.  However,  when 
the  atoms  come  too  close  to  each  other,  they  are  repelled.  There  is  then 
a  stable  position  at  a  definite  distance,  below  which  the  atoms  will  repel 
each  other  and  beyond  which  they  will  attract  each  other.  This  position 
is  represented  by  the  point  C.  When  the  energy  is  sufficiently  great  so 
that  the  atoms  can  no  longer  attract  each  other,  dissociation  occurs  as 
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indicated  by  the  horizontal  Une  B  at  the  right.     The  difference  between 
this  energy  at  dissociation  and  the  energy  in  the  stable  position  of  the 


Velocities 

Fig.  2. — Distribution  of  energy  among  a  group  of  molecules:  A,  at  273°;  B,  at  373 
represents  extra  energy  supplied  by  some  external  agent. 


E 


>^ 

i- 
(i) 

C 


Distance  Between  Atoms 
FiQ.  3. — Energy  relations  existing  between  two  atoms  as  a  function  of  the  distance  separat- 
ing their  centers. 

molecule  represented  by  C,  represents  the  energy  required  to  dissociate 
the  molecule.     It  is  possible  to  gain  some  insight  regarding  the  nature 
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of  the  dissociation  process  from  infra-red  absorption  and  from  band 
spectra  because  they  are  intimately  connected  with  the  displacement  of 
atoms  within  the  molecule. 

The  energy  required  to  break  chemical  bonds  and  thus  make  possible 
chemical  reaction  amounts  to  many  thousand  calories  per  gram  mole- 
cule of  material.  Reactions  which  proceed  with  measurably  slow 
velocities  at  room  temperature  usually  require  in  the  neighborhood  of 
25,000  cal.  and  the  most  difficult  reactions,  those  which  go  only  at  very 
high  temperatures,  require  up  to  100,000  cal.  and  more.  When*  a  new 
product  is  formed  and  new  chemical  bonds  result,  energy  is  given  out 
corresponding  to  the  energy  which  is  absorbed  in  the  breaking  of  these 
bonds.  It  is  clear  that  the  energy  of  activation  is  partially  offset  by  the 
energy  of  combination.  The  heat  of  reaction,  then,  is  the  difference. 
This  heat  of  reaction  must  be  less  than  the  energy  of  activation  and  it 
usually  happens  that  the  energy  released  by  the  products  is  so  much 
greater  than  the  energy  required  to  activate  the  reactants  that  heat  is 
evolved  in  the  chemical  reaction.  It  is  a  common  observation  that 
exothermic  reactions  are  much  more  common  than  endothermic  reactions 
at  room  temperatures. 

Activation  of  Molecules. — The  thermal  activation  of  molecules  has  just 
been  discussed.  There  are  various  other  ways  in  which  molecules  can 
be  activated.  Collisions  with  electrons,  for  example,  will  provide  suffi- 
cient energy  to  produce  the  necessary  activation  of  the  molecule.  The 
energy  of  the  collision  depends  on  the  velocity  of  the  electron,  and  this  can 
be  controlled  by  the  applied  voltage.  Important  calculations  can  be 
made  from  the  ionization  potential  and  the  resonance  potential  which 
are  determined  by  finding  the  applied  voltage  at  which  the  electrons  are 
absorbed  by  the  molecules.  Activation  of  molecules  may  be  produced 
also  by  collision  with  the  alpha  particles  emitted  by  radioactive  sub- 
stances. An  alpha  particle  with  a  mass  four  times  that  of  the  hydro- 
gen atom  traveling  with  one-tenth  the  velocity  of  light  contains  sufficient 
energy  to  ionize  and  activate  100,000  molecules.  Chemical  activation 
may  be  effected  also  by  collisions  of  molecules  with  units  of  radiation, 
called  photons.  These  photons  are  presumably  distributed  in  a  random 
manner  in  a  beam  of  radiation  and  each  photon  contains  a  quantum  of 
energy,  the  value  (in  ergs)  depending  on  the  wave-length.  This  collision 
process  between  molecules  and  photons  forms  the  foundation  of 
photochemistry. 

Again,  molecules  can  be  activated  by  collisions  with  other  molecules 
which  have  already  become  activated  or  excited.  For  example,  a 
mercury  atom  which  has  absorbed  ultra-violet  light  contains  an  abnor- 
mal amount  of  energy,  and  when  this  excited  mercury  atom  collides 
with  a  molecule  of  ammonia,  for  example,  the  ammonia  molecule  is 
decomposed. 
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In  all  of  these  cases  where  molecules  can  receive  an  abnormal  amount 
of  energy  from  an  external  source,  the  reaction  may  proceed  in  ways  which 
would  not  be  expected  from  ordinary  thermal  activation.  The  situation 
is  illustrated  by  the  dotted  lines  at  E  in  Fig.  2,  where  the  second  hump 
represents  the  number  of  molecules  containing  a  large  amount  of  energy. 
It  is  evident  that  the  large  number  of  molecules  having  this  high  energy 
cannot  come  from  ordinary  thermal  collisions  and  the  Maxwell  distribu- 
tion of  velocities,  but  must  come  from  some  external  source  as  just 
described. 

Extra  energy  for  this  activation  may  be  introduced  not  only  by  colli- 
sions with  photons,  electrons,  or  other  materials  of  high  energy  but  also 
by  intermediate  chemical  changes.  Under  these  conditions  the  reaction 
is  said  to  be  catalytic  and  the  extra  material  which  accelerates  the  reaction 
is  called  the  catalyst.  The  catalyst  is  often  effective  in  mere  traces  and 
it  is  not  consumed  in  the  course  of  the  reaction.  Catalysis  is  quite 
specific  and  the  prediction  of  catalytic  properties  is,  in  our  present  state 
of  knowledge,  more  of  an  art  than  a  science.  One  important  branch  of 
catalysis  has  to  do  with  reactions  at  the  surface  of  a  solid;  but  catalysis 
may  be  effected  also  by  gases,  liquids,  or  dissolved  material.  The 
catalyst  effects  the  loosening  of  the  bonds  and  alters  the  reaction  so 
that  it  is  not  necessary  to  supply  the  complete  energy  of  activation 
as  shown  in  Fig.  1. 

TYPES  OF  RADIATION 

There  are  a  great  many  different  kinds  of  radiation  depending  on  the 
wave-length.  These  have  been  discussed  on  page  14.  The  shorter 
the  wave-length  the  more  energy  is  contained  in  a  given  unit  of  radiation. 
The  radio  waves  and  the  infra-red  waves  do  not  contain  enough  energy 
to  effect  ordinary  chemical  reactions.  X-rays  contain  sufficient  energy 
to  completely  ionize  the  molecules  and  to  produce  chemical  reactions,  but 
they  are  so  penetrating  that  only  a  small  portion  is  absorbed  in  a  reaction 
system  of  ordinary  dimensions.  Ultra-violet  and  visible  light,  particu- 
larly in  the  blue  end  of  the  spectrum,  may  be  very  effective  in  bringing 
about  chemical  reactions. 

Radiation  in  the  ultra-violet  and  visible  is  due  to  a  displacement  of 
outer  electrons  in  atoms  or  molecules  and  the  return  of  these  displaced 
electrons  to  their  normal  states.  X-rays  are  due  to  a  similar  cause, 
except  that  the  displacements  of  inner  electrons  close  to  the  nucleus  of  the 
atom  are  involved.  Infra-red  radiation  involves  the  displacements  of 
atoms  in  the  molecule.  These  displacements  may  be  caused  by  heat,  and 
all  solids  give  about  the  same  distribution  of  radiation  among  the  different 
wave-lengths  at  a  given  temperature.  Figure  4  shows  a  typical  curve  of 
so-called  black-body  radiation.  The  amount  of  radiation  is  plotted 
against  the  wave-length.     A  black  body  is  defined  as  a  solid  material 
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which  absorbs  all  the  incident  radiation  and  reflects  none.  It  gives, 
accordingly,  the  maximum  radiation  when  heated.  A  heated  enclosure 
such  as  a  furnace  with  a  small  opening  furnishes  a  practical  means  of 
obtaining  this  black-body  radiation.  Further  details  concerning  black- 
body  radiation  are  given  on  page  135. 
It  is  evident  from  Fig.  4  that  a  heated 
solid,  a  tungsten  filament,  for  exam- 
ple, offers  a  good  source  of  light  in  the 
visible  region  of  the  spectrum  but  not 
in  the  ultra-violet. 

When  atoms  or  molecules  in  the 
gas  phase  are  subjected  to  extra  en- 
ergy, the  radiation  may  be  emitted  at 
specific  wave-lengths,  as  distinguished 
from  the  continuous  radiation  of 
heated  solids.  The  passage  of  an 
electrical  current  between  metal  elec- 
trodes causes  the  emission  of  a  dis- 
continuous spectrum  as  in  the  case  of 
the  well-known  mercury  arc  or  iron 
arc. 


TYPES  OF  SPECTRA 

Spectra   are    classed    as 


2  5 

Wave- 


emission 

spectra  and  absorption  spectra. 
Absorption  spectra  are  obtained  when 
white  light  of  continuously  varying 
wave-lengths  is  passed  through  ab- 
sorbing material.  Light  of  certain 
wave-lengths  passes  through  un- 
affected, while  light  of  other  wave- 
lengths is  able  to  displace  electrons  (or 
atoms)  in  the  molecules  of  the  absorb- 
ing material.     When  the  light   rays 


Fig. 
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ength  (m^) 

4. — Distribution  of  radiant  energy  are  spread  out  in  a  spectrum  with  a 

emitted  by  a  heated  solid. 


prism  or  grating,  those  wave-lengths 
which  have  been  absorbed  are  missing  and  a  dark  region  results.  The 
darkest  regions  in  the  absorption  spectrum  correspond  to  the  greatest 
absorption  and  the  most  probable  displacements  within  the  molecule. 
As  a  rule,  the  absorption  spectra,  particularly  in  the  case  of  solutions, 
are  not  so  definite  and  the  lines  are  not  so  sharp  as  in  the  case  of  emission 
spectra. 

Band  Spectra. — In  the  case  of  simple  atoms,  electron  displacement 
usually  leads  to  fine  lines  and  discontinuous  spectra.     When  molecules 
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are  involved,  there  is  a  chance  to  utilize  some  of  the  energy  in  displace- 
ments of  the  atoms  within  the  molecule  and  in  rotations  of  the  molecules 
around  a  common  center  of  gravity.  These  displacements  and  rotations 
involve  comparatively  small  amounts  of  energy  of  varying  size  so  that 
by  combining  them  with  the  electron  displacements  a  series  of  bands 
is  obtained.  Such  bands  are  very  common.  Whereas  the  bands  will 
appear  under  low  resolution  to  be  completely  absorbing,  high  dispersion 
reveals  the  fact  that  they  are  made  up  of  a  large  number  of  fine  lines. 
The  fine  structure  of  these  bands  can  be  detected  in  emission  spectra  and 
in  absorption  spectra  of  gases,  particularly  at  low  pressures.  Only  in 
special  cases,  however,  can  the  fine  structure  of  absorption  bands  be 
detected  in  solution.  The  intimate  contact  of  the  solvent  tends  to  blur 
out  these  lines.  Sometimes  they  can  be  detected,  however,  by  cooling 
the  system  with  liquid  air.  Electronic  displacements  are  not  involved 
in  the  infra-red  bands. 

In  the  far  infra-red  the  radiant  energy  is  absorbed  and  converted  into 
rotation  of  the  molecule.  Again  large  dispersion  reveals  the  fact  that 
these  bands  are  made  up  of  a  number  of  discontinuous  lines.  In  the  near 
infra-red,  (8000  to  200,000  A)  the  absorption  bands  are  due  to  a  com- 
bination of  molecular  rotation  and  internal  displacements,  but  they,  too, 
can  be  resolved  into  discontinuous  lines  provided  the  spectrometer  has 
sufficient  resolving  power.  The  centers  of  the  band  correspond  to  the 
displacements  of  atoms  within  the  molecule,  and  additions  or  subtractions 
of  small  amounts  of  energy  absorbed  in  rotation  of  the  molecule  lead  to  a 
broadening  of  the  region  of  absorption  and  the  production  of  an  absorp- 
tion band. 

LAWS  INVOLVED  IN  PHOTOCHEMICAL  REACTIONS 

The  most  important  and  the  most  obvious  law  in  photochemistry  is 
that  of  Grotthus  according  to  which  only  that  radiation,  which  is 
absorbed,  is  capable  of  producing  chemical  reaction.  It  is  clear  that  those 
radiations  which  pass  through  a  system  without  absorption  are  incapable 
of  affecting  the  system.  Radiation  which  is  absorbed  may,  possibly, 
produce  chemical  action,  but  in  most  cases  the  radiation  is  converted  into 
increased  kinetic  energy  of  the  molecules  and  the  temperature  is  raised 
without  effecting  any  chemical  change.  Photochemical  reactions  result 
only  when  the  conditions  are  such  that  the  activated  molecule  can  pro- 
duce a  chemical  reaction. 

The  absorption  of  light  in  the  simplest  case  follows  the  differential 
equation 

^  =  «  ('> 

which  is  so  frequently  met  with  in  physical  and  chemical  phenomena. 
Integration  of  this  equation  gives 
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I  =  loe-"'  (2) 

or  in  logarithmic  form 

k  =  ^\n  -^^  (3) 

In  these  formulas  7o  represents  the  incident  light,  I  the  transmitted 
light,  I  the  thickness  of  the  absorbing  medium  and  k,  a  constant.  This 
formula  expresses  Lambert's  law  connecting  the  transmission  of  light 
with  the  thickness  of  the  absorbing  material.  The  absorption  coefficient 
k  depends  on  the  nature  of  the  absorbing  material  but  it  is  constant  for 
any  given  material.  This  relationship  may  be  expressed  as  follows 
in  logarithms  to  the  base  10  instead  of  in  natural  logarithms: 

^  =  7  log  j"  U) 

where  E  is  defined  as  the  extinction  coefficient. 

A  similar  formula  applies  to  the  influence  of  concentration  c  of  absorb- 
ing material  on  the  intensity  of  transmitted  light.  This  formula  is  known 
as  Beer's  law. 

T       J   -k'c  I.'       -2.303  ,       I       2.303,      h  ... 

1  =  loe  ""         or         k    =  ■ log  j-  =  log  -^  (5) 

C  1 0  C  I 

It  applies  to  gases  and  to  solutions  when  there  is  no  other  complicating 
change  involved  in  the  dilution  process.  In  solution  it  applies  only 
when  the  solvent  is  transparent.  One  of  the  most  convenient  ways  of 
determining  whether  this  law  applies  to  a  given  system  is  to  plot  the 
logarithm  of  the  transmitted  light  intensity  against  concentration,  with 
a  given  thickness  of  material.  If  Beer's  law  is  applicable,  a  straight  line 
results.  If  the  line  is  not  straight  it  may  be  suspected  that  chemical 
changes  such  as  dissociation  or  combination  with  the  solvent  are  involved. 
In  Fig.  5  a  typical  plot  of  this  kind  is  shown  for  gaseous  acetone. 

Reflection  of  light  Ir  at  right  angles  to  a  boundary  between  two  differ- 
ent media  is  related  to  the  incident  light  /o  by  Fresnel's  Law  as  given  in 
equation  (6). 

The  term  a  occurring  in  this  formula  represents  the  ratio  of  the  refractive 
indices  in  the  two  media.  The  refractive  indices  of  glass,  quartz,  water, 
and  most  liquids  are  sufficiently  close  together  so  that  the  amount 
reflected  at  interfaces  between  these  materials  is  negligible  in  most 
photochemical  investigations.  When  a  beam  of  light  strikes  a  glass-air 
interface  at  right  angles,  it  can  be  calculated  from  this  formula  that  about 
4  per  cent  of  the  light  will  be  reflected  backward.  This  reflection  occurs 
at  every  interface  in  which  a  gas  is  in  contact  with  a  solid  or  liquid  surface. 
Scattering  of  light  occurs  in  all  materials,  but  it  is  negligible  in  most 
photochemical  reactions  unless  there  are  a  large  number  of  surfaces  such 
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as  are  present  in  colloid  systems.  In  such  cases  a  considerable  quantity 
of  light  may  be  scattered  so  that  the  amount  absorbed  by  the  system 
and  the  amount  transmitted  will  not  necessarily  be  equal  to  the  total 
incident  light. 

The  photochemical  law  of  greatest  theoretical  importance  is  that  of 
Einstein,  according  to  which  one  molecule  is  activated  for  each  quantum 
absorbed.  It  does  not  necessarily  follow  that  one  molecule  will  react  for 
each  quantum  absorbed  because  there  may  be  many  complicating  second- 
Absorption  of  Light  by  Acetone  Vapor 
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Fig.  5. — Graph  illustrating  Beer's  law.     The  absorption  of  light  by  10  cm.  of  acetone  vapor. 

ary  reactions.  In  fact,  these  secondary  effects  so  frequently  mask  the 
primary  process  that  the  Einstein  law  was  not  accepted  at  first.  The 
ratio  $  of  molecules  reacting  to  quanta  absorbed  is  known  as  the  quantum 
yield  and  the  experimental  determination  of  this  quantum  yield  under 
different  conditions  constitutes  one  of  the  important  approaches  to  the 
theoretical  study  of  a  photochemical  reaction.  The  number  of  cases  in 
which  the  quantum  yield  is  unity  is  very  small  and  the  more  refined 
experimental  measurements  of  the  last  few  years  have  not  increased  the 
number.  The  quantum  yield  varies  all  the  way  from  a  few  hundredths 
or  less  to  a  million  or  more.  These  enormous  variations  serve  simply  to 
emphasize  the  fact  that  the  primary  process  is  almost  always  followed  by 
other  complicating  phenomena.  Most  photochemists  accept  the  view 
that  the  Einstein  relationship  applies  to  the  primary  process. 

QUANTUM  THEORY 

The  quantum  theory  has  been  responsible  for  extraordinary  develop- 
ments in  the  fields  of  physics  and  physical  chemistry.     It  was  first  pro- 
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posed  by  Planck,  in  1906.  Previous  to  this  time  formulas  had  been 
developed  on  the  basis  of  classical  theories  of  light  which  expressed  the 
relationship  between  intensity  of  radiation  emitted  by  a  heated  solid 
and  wave-length,  both  in  the  infra-red  region  of  the  spectrum  and  in  the 
ultra-violet  region.  There  was  no  satisfactory  way  of  expressing  the  dis- 
tribution of  energies  throughout  the  whole  spectrum  as  given  in  Fig.  5. 
In  attempting  to  find  a  satisfactory  equation  for  the  distribution  of  energy 
from  a  black  body,  Planck  was  led  to  the  assumption  that  the  radiation  is 
emitted  not  continuously  but  discontinuously  in  small  units  of  radiation 
which  he  called  quanta.  On  this  assumption  he  obtained  a  compara- 
tively simple  formula  which  reproduced  the  experimental  facts  (shown 
in  Fig.  5)  with  extraordinary  exactness  throughout  the  whole  spectrum. 
The  assumption  of  the  discontinuity  of  radiation  was  so  radical  at  that 
time  that  Planck's  quantum  theory  probably  would  not  have  been 
accepted,  except  for  the  fact  that  the  concept  of  quanta  immediately 
became  of  great  importance  in  widely  different  fields.  In  the  study  of 
photoelectric  phenomena  and  specific  heat,  in  the  interpretation  of  the 
data  of  spectroscopy,  and  in  various  other  fields  it  became  at  once  evi- 
dent that  the  quantum  theory  provided  the  necessary  means  for  correlat- 
ing and  explaining  an  enormous  number  of  experimental  facts.  At  the 
present  time  the  quantum  theory  seems  to  be  fully  established  and 
exceedingly  useful. 

The  fundamental  equation  of  the  quantum  theory  is 

6  =  hv  (7) 

according  to  which  the  energy  of  one  photon,  one  quantum  e,  is  directly 
proportional  to  the  frequency  of  the  light  v.  The  proportionality  factor  h 
has  the  value  6.554  X  lO^^^  erg-sec.  This  value  has  been  checked  by 
careful  experiments  in  many  different  fields  and  is  a  constant  of  universal 
importance.  It  has  been  fully  established  that  there  are  6.06  X  lO^^ 
molecules  in  a  gram  molecule  (or  atoms  in  a  gram  atom)  and  this 
number  is  known  as  the  Avogadro  number  A^.  If  one  takes  6.06  X  lO^^ 
photons  one  has  the  number  of  photons  equal  to  the  number  of  molecules 
in  a  gram  molecule  and  this  quantity  is  useful  in  photochemistry.  It  has 
been  given  the  name  "Einstein."  One  Einstein  of  radiation,  then, 
absorbed  by  a  given  system  produces  the  activation  of  a  gram  molecule 
of  the  material.  Only  in  case  secondary  effects  are  absent  will  the  Ein- 
stein of  radiation  produce  a  gram  equivalent  of  the  chemical  product. 
According  to  equation  (7)  the  energy  required  to  produce  a  mole  of 
activated  molecules  is  then  equal  to  Nhv. 

It  is  clear  that  the  greater  the  frequency  of  radiation  the  greater  is 
the  energy  contained  in  the  radiation,  and  this  fact  is  illustrated  in 
Table  1.  It  is  frequently  necessary  to  convert  wave-lengths  orJ"requen- 
cies  into  energies.  In  so  doing,  it  should  be  remembered  that  1  Angstrom 
unit  (1  A)  is  one  100  milhonth  of  a  centimeter,  (IQ-^  cm.),  and  that  1  m/x 
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Description 


Wave- 
length, 
A 


X-rays 

Ultra-violet 

Ultra-violet 

Ultra-violet 

Visible  (violet) .... 
Visible  (blue-green) 
Visible  (orange) ... 

Visible  (red) 

Visible  (red) 

Near  infra-red 

Infra-red 

Far  infra-red 


1 

1,000 

2,000 

3,000 

4,000 

5.000 

6,000 

7,000 

8,000 

10,000 

100,000 

, 000 , 000 


Wave- 
length, 
m^ 

Wave 
number 

Frequency 

0.1 

1  X  108 

3  X  1018 

100 

100,000 
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is  equal  to  10  A.  The  wave  number  is  a  unit,  frequently  used  in  spec- 
troscopy. It  is  obtained  by  dividing  the  wave-length,  expressed  in 
centimeters,  into  unity.  The  frequency  of  light  is  obtained  by  dividing 
the  wave-length  of  light  expressed  in  centimeters  into  the  velocity  of 
light,  3  X  10^°  cm.  It  is  obvious  that  wave  numbers  are  converted  into 
frequencies  by  multiplying  by  the  velocity  of  light,  3  X  10  ^*'.  In  the 
last  column  the  energy  of  the  radiation  is  expressed  in  electron  volts  by 

o  o 

dividing  the  wave-length  in  Angstroms  into  12336  A.  This  relation 
follows  from  equating  hv  to  the  product  of  the  voltage  and  the  charge 
on  the  electron,  expressed  in  the  proper  units. 

These  relationships  may  be  illustrated  with  a  specific  example  using 
light  of  5000  A  (blue-green  light).  The  wave-length  of  this  light  in  cm. 
is  5  X  10~^  cm.  The  wave  number  is  20,000  per  cm.  The  frequency 
is  6  X  10^^  per  sec.     The  energy  per  photon,  hv,  is 

(6.55  X  10-2^)  X  (6  X  1014)  =  3  93  x  lO-^^  erg. 
Multiplying  the  energy  of  one  photon  by  the  number  of  photons  required 
to  activate  a  gram  mol  and  converting  ergs  to  calories,  it  is  evident  that 
one  Einstein  of  this  radiation  contains 

(3.93  X  10-'-)  X  (6.06  X  lO^')  -r-  (4.18  X  10^)  -  57,000  cal. 
The  energy  in  electron  volts  is  2.47. 

PHOTOCHEMICAL  PHENOMENA 

Absorption  of  Radiation. — In  photochemical  reactions  the  energy 
necessary  to  start  the  process  is  supplied  by  the  absorption  of  radiation. 
This  absorption  of  radiation  in  the  visible  or  ultra-violet  region  of  the 
spectrum  results  in  a  displacement  of  the  electrons.  If  this  energy  of 
electronic  excitation  is  transferred  to  give  displacement  of  the  atoms 
within  the  molecule,  chemical  reaction  may  result.  If  this  energy  of 
atomic  displacement  becomes  sufficiently  great,  the  atoms  are  driven 
apart  and  the  molecule  dissociates.     If  the  atoms  are  displaced  to  a 
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considerable  extent  but  are  not  completely  expelled,  these  molecules 
with  the  displaced  atoms  may  become  activated  so  that  they  will  react 
with  other  molecules.  The  mechanism  by  which  this  electronic  activa- 
tion is  transferred  to  energy  of  atomic  displacement  is  not  fully  under- 
stood. In  some  cases  at  least  colUsions  with  other  molecules  are 
necessary.  In  still  other  cases,  collisions  of  these  electronically  excited 
molecules  with  inert  molecules  are  able  to  remove  the  energy  of  electronic 
excitation  in  the  form  of  increased  kinetic  energy  and  thus  tend  to  prevent 
chemical  reaction.  The  energy  of  radiation  must  be  at  least  as  great  as 
the  energy  required  for  activation.  It  does  not  necessarily  follow  that 
if  the  energy  of  the  exciting  light  is  as  great  as  or  greater  than  the  energy 
of  activation  that  activation  will  automatically  occur;  for  the  energy  of 
activation  may  be  immediately  dissipated  in  other  ways. 

It  might  be  expected  that  infra-red  radiation  which  is  immediately 
connected  with  the  displacement  of  atoms  in  the  molecule  would  lead 
directly  to  chemical  reaction.  In  this  case  it  would  not  be  necessary  to 
effect  a  transfer  of  electronic  excitation  into  energy  of,  atomic  displace- 
ment. However,  as  seen  from  Table  1,  the  energy  contained  in  the  infra- 
red radiation  is  less  than  that  required  for  most  ordinary  chemical 
reactions  (perhaps  25,000  cal.  for  those  occurring  at  room  temperature). 

It  is  an  observational  fact  that  photochemical  reactions  are  much 
more  often  produced  by  ultra-violet  light  than  by  blue  light  and  that 
those  produced  by  blue  Ught  are  more  common  than  those  produced  by 
green  or  red  Ught.  Such  a  situation  is  to  be  expected  from  the  fact  that 
the  shorter  wave-lengths  of  light  contain  greater  amounts  of  energy  as 
shown  in  Table  1.  It  must  be  realized  that  the  intensity  of  energy  in 
these  photons  is  the  significant  thing  rather  than  the  total  amount  of 
energy  contained  in  a  beam  of  light.  The  greater  the  intensity  of  the 
beam  of  light  the  more  quanta  are  available  and  the  faster  is  a  given 
photochemical  reaction,  provided  that  the  quanta  are  large  enough. 
However,  if  the  individual  photons  in  this  particular  beam  of  light  con- 
tain an  insufficient  amount  of  energy  {i.e.,  wave-length  is  too  long)  no 
photochemical  reaction  can  occur  at  all,  no  matter  how  many  quanta  are 
introduced. 

Chemiluminescence. — A  few  chemical  reactions  are  known  in  which 
light  is  emitted.  A  common  example  is  the  glow  of  yellow  phosphorus 
when  exposed  to  air.  The  luminescence  of  the  firefly,  of  decaying  wood 
and  certain  marine  bacteria  are  all  attributed  to  the  emission  of  light 
which  accompanies  the  oxidation  of  luciferin,  a  substance  which  is  found 
to  occur  in  these  bacteria  and  in  insects.  Rapid  and  violent  reactions 
also  are  known  to  emit  light.  For  example,  when  chlorine  reacts  with 
metals,  a  flame  is  produced.  This  is  not  due  to  incandescence  of  small 
particles,  as  in  an  ordinary  flame  (temperature  radiation).  Occasionally, 
among  the  less  violent  reactions  examples  of  chemiluminescence  are 
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found.  The  Grignard  reagent  (phenyl  magnesium  bromide)  when 
exposed  to  air  gives  a  faint  purpHsh  glow  which  can  readily  be  seen  in 
the  dark.  Substituted  compounds  of  this  type  are  known  to  give  more 
brilliant  reactions  and  a  considerable  amount  of  research  has  been  done 
in  this  field  (7).  One  of  the  most  striking  chemiluminescent  reactions 
has  been  described  recently.  When  3-aminophthalhydrazide  is  dis- 
solved in  ordinary  hydrogen  peroxide,  the  whole  solution  becomes  brightly 
luminescent  so  that  it  can  be  seen  even  in  dayhght  (10).  A  few  other 
chemiluminescent  reactions  are  known,  but  they  are  comparatively  rare. 
It  may  be  assumed  that  the  phenomena  of  chemiluminescence  would 
become  very  much  more  common  if  sufficiently  sensitive  means  for  the 
detection  of  light  were  available.  In  most  chemical  reactions  the  new 
products  are  formed  with  the  evolution  of  heat  and  accompanying  it  there 
may  occur  frequently  the  production  of  some  radiation.  In  many 
cases  light  may  be  produced  in  a  reaction,  but  this  light  in  turn  may  be 
absorbed  by  surrounding  molecules  so  that  little,  if  any,  finally  emerges 
from  the  reacting  system.  The  light  emitted  from  molecules  close  to  the 
surface  is  more  Hkely  to  emerge  from  the  reacting  system.  General 
rules  for  chemiluminescence  have  not  yet  been  developed.  The  phe- 
nomenon seems  to  be  rather  specific.  It  may  be  that  violent  reactions  of 
a  particular  type  are  necessary,  together  with  an  absorption  coefficient 
for  the  emitted  radiation  such  that  only  sUght  absorption  occurs  within 
the  system. 

Chemiluminescence  in  the  infra-red  has  not  been  investigated,  except 
in  flames  and  explosions,  but  it  may  be  quite  common.  Chemilumines- 
cence in  the  visible  is  rather  infrequent.  Chemiluminescence  in  the  ultra- 
violet is  very  rare.  It  is  natural  to  expect  that  a  small  fraction  of  the 
chemical  energy  may  be  converted  into  radiation  and  that  under  suitable 
conditions  this  may  be  given  out  from  a  system  in  the  form  of  chemi- 
luminescence. The  smaller  the  amount  of  energy  in  a  quantum,  the 
more  readily  can  such  a  quantum  be  produced.  For  these  reasons  one 
would  expect  to  find  that  chemiluminescence  is  more  frequently  found 
with  long  wave-lengths  than  with  short.  As  pointed  out  previously, 
it  is  not  the  heat  of  reaction  but  the  energy  of  activation  that  determines 
the  course  of  a  chemical  reaction.  Accordingly,  since  the  wave-length 
of  the  chemiluminescent  radiation  is  governed  by  the  quantum  theory, 
the  minimum  wave-length  of  the  emitted  light  can  be  calculated  from  the 
energy  of  activation  of  the  reverse  reaction,  by  expressing  this  in  ergs, 
setting  equal  to  Nhv  and  solving  for  v. 

Fluorescence. — When  a  system  is  excited  by  absorbing  radiation,  it  is 
possible  that  some  of  the  excited  molecules  may  return  to  a  normal  state 
with  the  emission  of  radiation  having  a  different  wave-length  from  that 
of  the  exciting  radiation.  This  emission  of  light,  different  in  wave- 
length from  that  of  the  exciting  light,  is  known  as  fluorescence.     As  a 
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rule,  there  is  no  time  lag  between  the  excitation  and  the  emission  of  the 
fluorescent  light.  The  wave-length  of  the  emitted  light  is  usually  longer 
than  that  of  the  exciting  light  because  there  is  a  natural  degradation 
of  energy  from  quanta  of  large  energy  to  the  quanta  of  smaller  energy. 
The  generalization  that  the  fluorescent  light  is  of  longer  wave-length 
than  the  exciting  light  is  known  as  Stokes'  law.  There  are  a  few  excep- 
tions to  this  relation  which  can  be  explained  as  special  cases  in  which 
additional  energy  from  some  other  source  is  involved.  Fluorescence 
caused  by  the  energy-rich  ultra-violet  light  is  quite  common  and  it  is 
well  known  that  many  substances  give  ofT  visible  light  when  excited  by 
ultra-violet  light.  A  few  examples  may  be  cited — fluorescein,  eosin, 
many  minerals  (particularly  if  mixed  crystals  are  involved),  teeth  and 
various  parts  of  animal  tissue.  Solutions  of  quinine  when  excited  by 
blue  light  emit  red  light. 

In  all  these  cases  it  is  assumed  that  the  exciting  light  displaces  an 
electron  in  the  absorbing  molecule  and  that  this  electron  then  returns  to  a 
state  of  lesser  energy.  If  the  electron  returned  to  exactly  the  same 
state  from  which  it  started  by  a  single  step,  the  wave-length  of 
the  emitted  light  would  of  course  be  exactly  the  same  as  that  of  the 
exciting  light  and  the  fact  of  the  emission  would  not  ordinarily  be 
detected. 

CHEMICAL  KINETICS 

The  extent  to  which  a  chemical  reaction  proceeds  can  be  predicted 
on  the  basis  of  thermodynamics  when  sufficient  data  are  available.  The 
calculation  of  equilibrium  constants  is  comparatively  simple  in  principle. 
It  is  a  much  more  difficult  problem,  however,  to  determine  the  rate  at 
which  this  equilibrium  is  established.  Chemical  kinetics  endeavors  to 
answer  the  question  as  to  how  fast  a  reaction  will  go  and  also  strives  to 
learn  something  regarding  the  nature  of  the  reaction  and  the  mechanism 
by  which  it  occurs.  In  very  rapid  reactions,  such  as  occur  in  electrolytic 
systems  (ions)  or  at  very  high  temperatures,  the  simple  rules  of  thermo- 
dynamics and  equilibrium  constants  can  be  readily  applied  and  they  give 
a  completely  satisfactory  prediction  of  the  results.  In  slow  reactions, 
including  the  majority  of  reactions  in  organic  chemistry  and  biological 
chemistry,  the  speed  of  the  reaction  becomes  a  matter  of  great  impor- 
tance. Among  the  reactions  of  organic  chemistry  a  great  many  different 
products  may  result,  all  of  which  are  possible  according  to  thermodynamic 
calculation.  The  product  which  is  formed  in  actual  practice  is  the  one 
which  is  produced  by  the  fastest  reaction.  It  is  a  matter  of  experience 
and  technique  to  accelerate  or  retard  these  simultaneously  occurring 
reactions  in  such  a  way  as  to  obtain  the  desired  product.  For  example, 
catalysts  are  used  which  will  accelerate  one  reaction  to  a  much  greater 
extent  than  other  competing  reactions. 
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The  various  competing  reactions  may  be  quite  complicated.  There 
may  be  a  reverse  reaction  or  a  side  reaction  involving  the  same  reactants, 
or  one  reaction  may  follow  closely  on  the  heels  of  another  and  a  whole 
series  of  successive  reactions  may  occur.  In  actual  practice  the  slowest 
reaction  in  the  series  is  the  one  measured  and  there  may  be  many  steps 
in  the  complete  reaction  which  proceed  at  an  immeasurably  rapid  rate. 
In  case  two  reactions  are  proceeding  at  approximately  the  same  rate  the 
situation  becomes  quite  confused.  When  one  reaction  is  considerably 
slower  than  any  of  the  others,  it  can  be  made  the  object  of  experimental 
investigation. 

Order  of  Reaction. — In  studying  reaction  rates  it  is  desirable  to  express 
the  concentration  as  a  function  of  the  time.  A  graph  in  which  concen- 
tration c  is  plotted  against  time  t  may  be  extrapolated  within  reasonable 
limits.  Often  the  relationship  between  concentration  and  time  can  be 
expressed  with  mathematical  formulas.  The  rate  of  a  first-order  reaction 
is  directly  proportional  to  the  concentration  as  given  by  the  following 
formula : 

-|=.-c  •       (8) 

In  the  integrated  form  this  equation  becomes 

-  In  c  =  kt  +  C  (9) 

and  integrating  between  limits,  the  form  (10)  is  obtained: 

1         2.303  ,      ci  ,.^. 

It  will  be  noted  that  formula  (9)  is  of  such  a  nature  that  when  the 
logarithm  of  the  concentration  is  plotted  against  time,  a  straight  line  is 
produced.  In  fact,  one  of  the  best  ways  to  determine  whether  a  reaction 
is  of  the  first  order  is  to  plot  the  logarithm  of  the  concentration  against 
the  time.  If  a  straight  line  is  produced,  the  reaction  is  first  order,  and 
the  slope  of  the  line  multiplied  by  2.303  gives  at  once  the  specific  reaction 
rate  or  velocity  constant.  When  this  constant  is  known,  the  concentra- 
tion at  any  time  may  be  calculated. 

In  a  second-order  reaction  the  rate  of  the  reaction  depends  on  the 
product  of  the  concentration  of  two  reacting  substances.  If  the  initial 
concentrations  are  designated  respectively  by  a  and  h  and  the  amount 
reacting  by  x,  the  following  mathematical  formula  applies : 

-^  =  k{a  -  x){b  -  x)  ill) 

On  integration  this  equation  becomes 

t{a  —  0)         a  {h  —  X) 
This  equation  is  of  such  a  nature  that  when  log  b(a  —  x)/a(h  —  x)  is  plotted 
against  time,  a  straight  line  is  produced  and  the  slope  of  the  line  multi- 
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plied  by  2.303/ (a  -  h)  gives  the  specific  reaction  rate  k.  Third-order 
reactions  are  known  in  which  the  rate  is  proportional  to  the  product  of 
three  different  substances,  but  these  third-order  reactions  are  uncommon. 
Zero-order  reactions  are  reactions  which  are  entirely  independent  of  the 
concentration,  as  given  by  equation  (13). 

-^  =k  (tS) 

at 

They  are  frequently  found  among  photochemical  reactions. 

Chain  Reactions.— \N hen  the  products  of  reaction  are  formed  with  the 

liberation  of  sufficient  energy  to  activate  additional  reactants,  a  chain 

reaction  results.     An  energy  chain  is  defined  as  one  in  which  the  series 

of  reactions  are  continued  simply  by  the  transfer  of  energy.     Stoichio- 

metrical  chain  reactions  are,  however,  much  more  common.     In  the  case 

of  a  stoichiometrical  chain  it  is  possible  to  write  a  series  of  chemical 

reactions  in  which  a  product,  such  as  an  atom,  combines  with  reactants 

and  again  produces  the  product  which  can  react  with  more  material 

and  continue  in  a  manner  such  as  is  illustrated  for  the  hydrogen-chlorine 

chain  given  below. 

CI2  +  light  =  2C1 

CI  -F  H2  =  HCl  +  H 

H  +  CI2  =  HCl  +  CI 

Cl-f  H2  =  HCl  +  H 

etc. 
These  chain  reactions  can  involve  few  or  many  molecules,  depending  on 
conditions.     The  hydrogen  and  chlorine  chain  reaction  may  involve  up 
to  about  a  million  molecules  for  each  molecule  of  chlorine  which  is 
dissociated.     Other  chain  reactions  are  of  much  shorter  length. 

Temperature  Effect. — Aside  from  finding  the  order  of  the  reaction 
and,  if  possible,  a  mathematical  relationship  connecting  concentration 
with  time,  one  of  the  most  important  studies  in  chemical  kinetics  involves 
the  finding  of  the  temperature  coefficient.  The  fundamental  formula 
which  relates  the  velocity  constant  with  the  temperature  is  given  by 

equation  {14)- 

dink         E 


dT         RT^ 
On  integration  equation  (15)  is  obtained. 


(U) 


k_,  _      E(T,  -  T,)  .^^. 

^^fci  2.303/^(^2  X  T,) 
The  nature  of  this  equation  is  such  that  when  the  logarithm  of  the 
velocity  constant  k  is  plotted  against  the  reciprocal  of  the  absolute 
temperature  a  straight  line  is  obtained  and  the  slope  of  this  line  multiplied 
by  2.303  and  by  the  gas  constant  R  (2  cal.)  gives  the  energy  of  activation 
for  the  reaction.     Obviously,  if  two  or  more  reactions  are  involved,  the 
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results  are  not  easily  interpretable.  This  energy  of  activation  is  of  great 
importance  in  the  theory  of  chemical  kinetics.  It  represents  the  energy 
which  must  be  introduced  into  a  gram  molecule  of  the  reactants  in  order 
to  give  them  sufficient  activation  so  that  the  reaction  may  take  place. 
Combining  the  effect  of  temperature  and  concentration,  the  general 
formula  (16)  is  obtained: 

k  =  se-^^^'^  {16) 

This  is  a  very  useful  equation  which  applies  to  most  reactions  and 
expresses  the  specific  reaction  rate  A;  as  a  function  of  the  temperature 
and  the  energy  of  activation.  The  constant  s  has  the  physical  signifi- 
cance of  collision  frequency  when  the  reaction  is  bimolecular.  When 
the  reaction  is  unimolecular,  the  significance  is  not  so  clear,  but  it  may 
be  connected  with  the  oscillation  of  atoms  within  the  molecule  and  this 
in  turn  is  related  to  the  infra-red  absorption  spectrum.  In  most  unimolec- 
ular reactions  s  has  a  value  in  the  neighborhood  of  10"^^,  and  in  many 
reactions  E/RT  has  a  value  in  the  neighborhood  of  40.  In  gas-phase 
bimolecular  reactions  the  frequency  of  collision  s  can  be  calculated  from 
standard  formulas  of  the  kinetic  theory  of  gases  involving  the  molecular 
diameter.  The  value  of  the  energy  of  activation  E  is  usually  about 
25,000  cal.  for  unimolecular  reactions  which  proceed  with  a  measurable 
velocity  at  room  temperature.  Reactions  having  an  energy  of  activa- 
tion in  the  neighborhood  of  50,000  cal.  usually  require  a  temperature 
in  the  neighborhood  of  400°C.  in  order  to  give  a  measurable  reaction 
rate.  It  must  be  emphasized  that  the  range  of  measurable  reactions 
is  somewhat  limited.  These  statements  are,  of  course,  only  rough 
approximations. 

PHOTOCHEMICAL  KINETICS 

Photochemical  kinetics  constitute  a  complicated  and  difficult  field. 
Not  only  are  photochemical  reactions  subject  to  all  the  variations  which 
affect  thermal  reactions,  but  they  involve  also  complications  from  the 
absorption  of  radiation.  In  the  study  of  photochemical  reactions  it  is 
desired  to  determine  the  primary  photochemical  process  caused  by  the 
absorption  of  the  radiation.  As  explained  before,  this  primary  process  is 
very  frequently  obscured  by  secondary  reactions.  The  photochemical 
reaction  may  institute  a  series  of  successive  reactions  constituting  a  chain. 
The  primary  reaction  may  be  of  the  same  nature  as  a  reaction  which  is 
proceeding  in  the  dark  but  at  a  slower  rate.  Again,  the  photochemical 
reaction  may  be  reversed  by  a  thermal  process  when  the  light  is  removed 
or  the  velocity  of  the  primary  process  may  vary  with  the  intensity  of 
the  light  absorbed.  This  in  turn  may  change  with  the  absorption  and  the 
extent  of  the  chemical  reaction.  AMien  the  absorption  of  light  is  com- 
plete, the  study  of  the  photochemical  kinetics  is  somewhat  simplified. 
At  least  the  change  in  the  amount  of  absorption  is  not  a  variable  in  the 
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rate  of  the  reaction.  There  is  still,  however,  a  complication  in  the  fact 
that  the  reactants  in  the  front  of  the  cell  are  exposed  to  a  much  greater 
intensity  of  light  than  those  deeper  in  the  cell.  In  some  cases  this  differ- 
ence has  no  effect,  but  in  others  it  leads  to  complications.  When  the  light 
is  partially  absorbed,  it  becomes  necessary  to  measure  the  intensity 
of  the  transmitted  light  as  well  as  that  of  the  incident  light,  and  frequent 
measurements  are  necessary  if  the  absorption  changes  during  the  photo- 
chemical reaction.  Usually  it  is  necessary  to  stir  a  liquid  system  to 
maintain  uniform  conditions  and  to  distribute  throughout  the  whole  cell 
the  chemical  products  produced  by  the  beam  of  light.  In  the  case  of 
gases  the  diffusion  is  so  rapid  that  stirring  is  unnecessary. 

The  order  of  a  photochemical  reaction  may  be  determined  in  the  same 
manner  as  that  described  in  the  preceding  section.  The  rate  of  the  reac- 
tion at  constant  intensity  of  light  is  determined  experimentally.  If  this 
rate  is  the  same  at  all  concentrations,  the  reaction  is  of  zero  order.  If  it  is 
directly  proportional  to  the  concentration,  it  is  first  order,  and  if  it  is 
proportional  to  the  square  of  the  concentration,  it  is  second  order.  In 
the  case  of  chain  reactions  the  situation  is  complicated  and  in  many  cases 
the  determination  of  the  order  of  the  photochemical  reaction  is  without 
significance. 

Photochemical  measurements  enable  one  to  determine  conveniently 
the  length  of  chains.  The  number  of  quanta  absorbed  by  the  reacting 
system  is  measured  and  the  number  of  molecules  reacting  is  determined 
experimentally.  The  ratio  of  the  molecules  reacting  to  the  quanta 
absorbed  gives  a  measure  of  the  quantimi  yield.  In  case  many  molecules 
react  per  quantum  absorbed  the  reaction  is  a  chain  reaction. 

Photocatalyst. — In  many  cases  a  reacting  system  is  unaffected  by 
radiation  until  an  additional  material  is  introduced.  Such  a  material 
is  sometimes  called  a  photocatalyst.  It  is  unaffected  by  the  reaction 
and  may  be  recovered  unchanged.  Examples  are  common.  The 
radiation  may  pass  through  the  reacting  system  without  absorption  but 
when  stopped  by  the  photocatalyst,  photochemical  reaction  may  result. 
The  photocatalyst  may  give  rise  to  an  entirely  different  reaction  from  that 
which  occurs  in  its  absence,  and  the  way  in  which  it  functions  may  vary 
considerably.  In  some  cases  it  forms  a  loose  compound  with  the  reac- 
tants and  this  compound  is  excited  by  the  absorbed  light.  In  other  cases 
the  photocatalyst  is  excited  by  the  absorbed  radiation  and  transmits 
its  energy  to  a  reacting  molecule  by  ordinary  collision. 

Induction  Period. — Sometimes  the  catalyst  of  the  photochemical 
reaction  is  produced  by  the  reaction  itself.  Under  these  conditions  a 
time  lag  or  induction  period  is  observed  and  the  photochemical  reaction 
does  not  proceed  until  a  considerable  period  has  elapsed.  The  situation 
is  similar  to  that  of  autocatalysis  in  ordinary  chemical  kinetics  where 
the  catalytic  material  is  produced  by  the  chemical  reaction  itself.     Under 
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such  conditions  the  reaction  rate  increases  for  a  time  whereas  in  other 
chemical  reactions  the  rate  decreases.  No  generaUzations  can  be  made 
concerning  this  induction  period.  It  is  comparatively  rare  and  in  each 
case  the  catalyst  is  specific.  Examples  will  be  given  later.  Sometimes 
the  catalyst  is  produced  by  the  photochemical  reaction,  sometimes  it  is 
produced  by  a  slow  thermal  reaction,  and  in  still  other  cases  an  inhibitor 
is  present  and  this  inhibitor  is  destroyed  by  the  photochemical  reaction. 
After  destruction  of  an  inhibitor  the  rate  of  reaction  increases. 

After-effects. — Not  only  is  a  time  lag  observed  at  the  beginning  of  a 
reaction  in  some  cases,  but  reactions  are  also  known  in  which  there  is  a 
time  lag  when  the  light  is  turned  off.  When  the  reaction  proceeds  in 
the  dark  after  illumination,  the  phenomenon  is  known  as  an  after-effect. 

INFLUENCE  OF  VARIOUS  FACTORS  ON  PHOTOCHEMICAL  REACTIONS 

Temperature. — Temperature  has  a  very  marked  effect  on  ordinary 
chemical  reactions  as  explained  in  a  preceding  section.  It  is  of  such  a 
nature  that  most  chemical  reactions  which  proceed  with  measurable 
velocity  at  room  temperature  double  or  triple  their  rate  for  a  rise  of  10°C. 
in  temperature.  Photochemical  reactions,  on  the  othet  hand,  are  usually 
rather  insensitive  to  temperature  changes.  It  is  to  be  expected  that  a 
purely  primary  photo  process  would  be  largely  independent  of  the  tem- 
perature. The  reason  that  ordinary  chemical  reactions  have  large  tem- 
perature coefficients  lies  in  the  fact  that  activation  is  produced  by 
molecules  of  very  high  energy  content  and  the  number  of  these  highly 
activated  molecules  increases  greatly  with  the  temperature.  In  photo- 
chemical reactions  the  excitation  comes  from  absorption  of  light  from  an 
outside  source  and  the  intensity  of  radiation  in  the  system  is  quite 
independent  of  the  temperature  of  the  absorbing  system.  However, 
the  primary  photo  process  is  very  frequently  followed  by  other  processes 
which  do  depend  on  the  temperature  of  the  reacting  system.  For  exam- 
ple, in  a  chain  reaction  the  chemical  reaction  which  follows  the  primary 
photochemical  reaction  is  subject  to  the  same  factors  which  influence 
any  ordinary  chemical  reaction.  Thus  it  is  found  that  many  photochemi- 
cal chain  reactions  do  have  large  temperature  coefficients  approaching 
those  of  ordinary  thermal  reactions.  Again,  the  photochemical  reaction 
may  be  influenced  by  collisions;  and  collisions,  in  turn,  are  influenced 
by  a  change  in  temperature.  Sometimes  the  absorption  of  light  by  the 
reacting  system  is  changed  by  a  change  in  temperature  and  this  absorp- 
tion may  affect  the  photochemical  reaction.  Such  cases  are  not  very 
common.  Experimentally  it  is  found  that  a  large  number  of  photo- 
chemical reactions  change  in  velocity  about  10  per  cent  for  a  10°  rise  in 
temperature.  At  one  time  it  was  thought  that  most  photochemical 
reactions  could  be  grouped  into  three  classes  with  temperature  coefficients 
of  1.00,  1.2,  and  1.4,  but  such  a  classification  is  now  believed  to  be  without 
significance  (13).     In  general,  one  may  say  that  if  the  temperature  coeffi- 
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cient  of  a  photochemical  reaction  is  large,  approaching  that  of  an  ordinary- 
thermal  reaction,  then  the  reaction  contains  in  it  steps  which  are  purely 
thermal  reactions.  If  the  reaction  rate  does  not  change  at  all  with  tem- 
perature, then  the  photochemical  reaction  is  probably  free  from  accom- 
panying thermal  reactions.  The  majority  of  photochemical  reactions 
have  slight  temperature  coefficients. 

Wave-length. — The  wave-length  of  light  is  an  important  factor  in 
photochemical  reactions.  Obviously,  the  light  must  be  of  such  a  wave- 
length (or  frequency)  that  the  radiation  is  absorbed.  If  there  is  no 
absorption  there  can  be  no  reaction.  If  there  is  absorption,  however,  it 
is  not  necessarily  true  that  chemical  reaction  follows.  As  pointed 
out  before,  radiation  of  short  wave-length  is  more  likely  to  produce  chemi- 
cal reaction  than  radiation  of  long  wave-length  simply  because  the 
quantum  of  energy  is  greater  in  the  light  of  short  wave-length.  When 
the  photon  of  radiation  is  absorbed  many  changes  may  take  place. 
The  absorbing  molecule  may  become  excited  and  lose  its  energy  by  colli- 
sion to  surrounding  molecules  thereby  increasing  their  kinetic  energy  and 
raising  the  temperature  and  dissipating  the  radiant  energy  into  ordinary 
heat.  The  excited  molecule  may  react  with  another  molecule,  but  a  dark 
thermal  reaction  may  reverse  the  process  in  such  a  way  that  no  result  is 
noticed.  The  excited  molecule  may  collide  with  other  molecules  and 
transfer  its  energy  in  a  rather  specific  manner  so  that  the  second  molecule 
will  undergo  a  chemical  reaction  which  can  be  observed. 

The  type  of  absorption  spectrum  encountered  is  often  very  useful  in 
understanding  and  predicting  photochemical  reactions.  A  discon- 
tinuous spectrum  indicates  that  the  molecule  becomes  excited  by  the 
absorption  of  light,  but  a  continuous  spectrum  indicates  that  the  molecule 
becomes  ionized  or  dissociated,  and  that  fragments  are  thrown  out  with 
kinetic  energy.  The  kinetic  energy  is  not  subject  to  the  restrictions  of 
the  quantum  theory  and  accordingly  there  is  a  random  distribution  of 
energies  over  considerable  ranges  giving  the  effect  of  continuous  absorp- 
tion. The  discontinuous  spectrum  contains  fine  lines  in  a  spectrogram 
(images  of  the  slit  of  the  spectrograph)  because  the  displacement  of 
electrons  in  the  atoms  or  molecules  is  subject  to  quantum  restrictions, 
but  in  case  chemical  dissociation  or  ionization  takes  place,  the  wave- 
lengths between  these  discontinuous  lines  can  also  be  utilized  by  a  com- 
bination of  displacement  and  dissociation  so  that  a  continuous  spectrum 
is  observed.  It  is  obvious  that  a  discontinuous  spectrum  with  many 
discrete  lines  will  appear  as  a  continuous  spectrum  when  viewed  with  a 
spectrograph  of  low  resolving  power.  Oftentimes  spectral  gratings  of 
large  size  are  necessary  to  resolve  the  spectrum  into  its  fine  lines,  but  in  a 
truly  continuous  spectrum,  involving  this  disruption  of  the  molecule 
into  fragments,  no  amount  of  resolution  will  rev(>al  fine  structure  in  the 
spectrum. 
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Frequently  a  spectrum  shows  a  region  of  discontinuous  lines  coming 
closer  and  closer  together  and  merging  into  a  region  of  continuous  absorp- 
tion, as  shown  diagrammatically  for  iodine  in  Fig.  6.  Under  these  condi- 
tions the  fine  structure  in  part  of  the  spectrum  shows  that  the  resolving 
power  of  the  spectrograph  is  adequate  and  dissociation  is  indicated  by 
the  region  of  continuous  absorption.  The  long-wave-length  edge  of  the 
band  of  continuous  absorption  marks  the  least  amount  of  energy  which  is 
necessary  to  dissociate  the  molecule.  Important  work  has  been  done  in 
correlating   this   long-wave-length   edge   of   the   absorption   band   with 
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Fig.    6. — Absorption    spectrum    of  jodine    vapor,    showing    continuous    absorption    below 

4995  A  caused  by  dissociation. 

the  heat  of  dissociation  as  determined  experimentally.  In  some  cases 
there  is  complete  agreement.  In  other  cases  the  energy  of  dissociation, 
determined  chemically  or  thermally,  is  less  than  the  energy  of  dissociation 
as  calculated  from  the  edge  of  the  region  of  continuous  absorption.  In 
such  cases  the  discrepancy  is  usually  traced  to  the  fact  that  the  fragments 
into  which  the  molecules  are  dissociated  are  excited.  Several  examples 
of  this  relationship  between  calculated  and  observed  dissociation  are  given 
in  Table  2. 

Table  2. — Heats  of  Dissociation  Calculated  from  Spectroscopy 


Absorbing 
molecule 


Hi. 
I2.. 
Br2 


Maximum 

wave- 
length of 
continuous 
absorption, 

o 

A 


850 
4995 
5107 

4785 


Heat  of 
dissoci- 
ation, cal. 
per  mole 


334,000 
56,800 
55 , 600 
59 , 400 


Probable 

energy  of 

excitation 

of  products 


234.000 

21,600 

10 , 400 

2,500 


Estimated 
heat  dis- 
sociation 

into  normal 
atoms 


100,000 
35 , 200 
45 , 200 
56 . 900 


Heat  of 
dissoci- 
ation de- 
termined 

calori- 
metrically 


101,000 
34 , 500 
46.200 
57,000 


In  a  similar  manner  it  is  possible  sometimes  to  calculate  the  heat  of 
dissociation  from  the  wave-length  at  which  sharp  lines  in  an  absorption 
spectrum  change  into  hazy  or  indistinct  lines.  Such  a  spectrum  of  indis- 
tinct lines,  which  cannot  be  further  resolved,  is  known  as  a  predissociation 
spectrum.  When  such  a  spectrum  is  produced,  it  is  supposed  that  the 
electronic  and  vibrational  energies  are  subjected  to  the  regular  quantum 
number  restrictions,  but  that  the  rotational  energy  is  not  quantized, 


274  BIOLOGICAL  EFFECTS  OF  RADIATION 

i.e.,  restricted  to  definite  integer  multiples  of  a  quantum,  because  the 
molecule  dissociates  in  less  time  than  is  required  for  rotation.  Since 
the  kinetic  energy  of  the  fragments  is  not  quantized,  the  energy  absorbed 
from  the  spectrum  extends  over  a  slightly  larger  range  of  frequencies. 
Examples  are  found  in  the  spectra  of  sulfur,  ammonia,  nitrogen  dioxide, 
and  other  molecules. 

Intensity. — In  a  simple  primary  photoprocess  the  amount  of  photo- 
chemical reaction  should  be  directly  proportional  to  the  amount  of  light 
absorbed.  If  Einstein's  relationship  holds  and  one  molecule  reacts  for 
each  quantum  absorbed,  the  extent  of  the  reaction  will  depend  only  on 
the  number  of  quanta  absorbed  and  this  in  turn  will  depend  directly 
upon  the  amount  of  light  absorbed.  This  relationship  is  found  to  hold 
in  a  great  many  photochemical  reactions.  In  many  other  photochemical 
reactions,  however,  the  amount  of  chemical  reaction  is  not  directly 
proportional  to  the  amount  of  Hght  absorbed,  and  this  deviation  from 
direct  proportionality  often  provides  a  clue  as  to  the  mechanism  of  the 
photochemical  reaction.  Several  factors  may  be  responsible  for  deviation 
from  this  simple  proportionality.  In  some  cases  the  molecules  of  absorb- 
ing material  are  broken  up  into  atoms  by  the  absorption  of  light  and 
the  atoms  take  part  in  the  reaction.  Then  two  atoms  may  be  formed 
for  each  quantum  absorbed  and  the  concentration  of  reacting  materials 
is  twice  as  great  as  predicted  on  the  basis  of  the  Einstein  relationship. 
"Under  these  conditions  the  application  of  the  mass  law  shows  that  the 
amount  of  reaction  varies  as  the  square  root  of  the  light  intensity  rather 
than  as  the  intensity  itself.  Sometimes  a  secondary  thermal  reaction 
follows  the  primary  photoprocess,  but  when  the  light  intensity  becomes 
very  great,  the  primary  process  may  become  so  rapid  that  the  secondary 
thermal  reaction  cannot  keep  pace.  Again,  at  high  intensities  the 
reacting  materials  for  the  primary  reaction  may  be  so  greatly  depleted 
as  to  slow  down  the  reaction.  A  classic  example  of  this  situation  is  found 
in  photosynthesis,  with  chlorophyll,  in  the  so-called  Blackman  region 
where  at  high  intensity  the  photosynthesis  is  proportionately  less  than 
at  low  intensities  because  the  carbon  dioxide  material  cannot  diffuse 
rapidly  enough  into  the  cells;  e.g.,  the  supply  of  carbon  dioxide  rather 
than  the  supply  of  photons  becomes  the  hmiting  factor.  The  high  inten- 
sity of  light  may  also  produce  a  congestion  of  reaction  products  in  such 
a  way  that  the  reaction  is  slowed  down— or  perhaps  accelerated.  Effi- 
cient stirring  becomes  specially  important  under  these  conditions. 

Length  of  Exposure.— In  a  simple,  primary  photochemical  process 
the  amount  of  chemical  change  should  be  directly  proportional  to  the 
time  of  exposure,  provided  that  the  quantity  of  light  absorbed  is  the  same 
throughout  the  exposure.  If  such  is  not  the  case,  the  reaction  is  shown 
to  be  complex.  Several  complications  may  account  for  the  failure  to 
obtain  proportionality,  such  as,  autocatalytic  effects,  the  destruction  of 
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inhibitors,  changing  Ught  absorption,  and  various  types  of  secondary 
reactions.  In  the  same  way  intermittent  exposure  is  sometimes  of  help 
in  determining  whether  or  not  the  primary  photoprocess  is  followed  by 
dark  thermal  reactions.  A  sector  wheel  may  be  revolved  in  the  path  of 
the  light  in  such  a  way  as  to  reduce  the  intensity,  for  example,  by  half. 
Under  these  conditions  half  of  the  wheel  is  open  and  half  of  it  closed  and 
the  time  of  exposure  is  reduced  to  one-half  by  this  revolving  wheel  irre- 
spective of  the  speed  at  which  the  wheel  rotates.  The  time  between 
illuminations,  however,  is  changed  by  changing  the  rate  of  rotation  and 
if  each  period  of  illumination  is  followed  by  a  chemical  reaction  which 
takes  considerable  time,  the  total  amount  of  reaction  may  vary  with 
the  speed  of  rotation.  In  many  cases,  however,  the  chain  reaction 
following  the  primary  photochemical  process  is  completed  in  much  less 
time  than  the  time  between  illumination.  Under  these  conditions,  of 
course,  the  intermittent  illumination  is  unable  to  contribute  any  informa- 
tion concerning  the  reaction. 

Impurities. — Many  photochemical  reactions  are  quite  sensitive  to 
small  amounts  of  impurities  such  as  oxygen,  for  example.  This  is 
particularly  true  with  chain  reactions  in  which  a  foreign  substance  may 
act  to  carry  a  chain  or  may  act  in  the  opposite  way  to  inhibit  the  reaction 
by  breaking  a  chain.  As  in  all  exact  chemical  work,  the  materials  should 
be  subjected  to  extensive  purification.  Only  rarely  is  it  possible  to  use 
commercial  chemical  substances  without  further  purification.  Irf  many 
cases  impurities  have  no  particular  influence  on  the  reaction,  but  one 
must  either  ascertain  this  fact  in  advance  or  prove  it  experimentally. 

EXPERIMENTAL  TECHNIQUE 

In  quantitative  photochemical  investigations  it  is  necessary  to  use 
light  which  is  nearly  monochromatic  in  character  and  to  measure  the 
amount  of  radiation  absorbed.  In  the  early  researches  on  photo- 
chemistry these  requirements  were  not  often  realized  and  there  was 
serious  disagreement  among  different  workers.  Frequently  when  the 
whole  spectrum  is  used,  radiation  of  one  wave-length  may  produce  one 
reaction  while  light  of  another  wave-length  may  produce  an  entirely 
different  one,  and  m  fact  may  even  reverse  the  reaction  produced  by  the 
first  radiation.  Valuable  information  concerning  the  nature  of  the 
reaction  is  obtained  from  a  knowledge  of  the  quantum  yield — the  number 
of  molecules  reacting  per  quantum  of  radiation  absorbed.  As  explained 
before,  this  quantity  often  enables  one  to  determine  the  nature  and 
extent  of  secondary  chemical  reactions  which  may  accompany  the 
primary  photochemical  process.  For  this  reason  considerable  effort  is 
justified  in  measuring  accurately  the  amount  of  radiation  absorbed.  The 
energy  in  ergs  which  is  transmitted  from  the  rear  of  the  cell  is  subtracted 
from  the  energy  striking  the  front  of  the  cell  with  suitable  corrections 
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for  reflection,  in  order  to  determine  the  amount  of  energy  absorbed.  In 
case  the  reacting  system  absorbs  all  the  radiation  which  enters  the  cell, 
the  measurement  of  transmitted  light  may  be  omitted,  but  usually  it 
is  preferable  to  arrange  the  conditions  so  that  some  light  is  transmitted. 

Light  Sources. — The  purest  monochromatic  light  is  usually  obtained 
with  a  monochromator  (or  preferably  a  double  monochromator)  employ- 
ing a  prism  which  refracts  the  light  into  its  different  wave-lengths.  Light 
sources  which  give  discontinuous  spectra  lead  to  a  greater  purity  of 
monochromatic  light  and  the  greater  the  distance  separating  the  spectral 
lines,  the  easier  is  the  separation.  The  mercury  arc  is  very  convenient 
and  particularly  suitable  for  photochemical  investigation.  Other  metal 
arcs  are  also  available  although  they  are  less  convenient  (9). 

Monochromators  are  more  effective  in  giving  monochromatic  light 
than  most  filters,  but  they  are  subjected  to  the  handicap  of  low  intensity. 
Only  a  small  portion  of  the  light  from  the  source  enters  the  mono- 
chromator slit  and  a  large  portion  of  this  light  is  scattered  and  lost  in 
the  monochromator.  Accordingly,  the  intensity  of  the  exit  beam  is 
very  low.  A  considerable  amount  of  effort  has  been  expended  in  improv- 
ing monochromators  to  give  greater  intensities.  The  prisms  and  lenses 
have  been  increased  in  size  and  the  focal  length  of  the  lenses  has  been 
shortened.  Also  the  intensity  of  the  light  has  been  greatly  increased  by 
using  capillary  lamps  (5)  which  concentrate  most  of  the  light  of  the 
lamp  on  the  monochromator  slit. 

The  principle  of  focal  isolation  has  been  used  in  rendering  light 
monochromatic.  Light  of  longer  (or  shorter)  wave-length  is  stopped 
by  focusing  the  polychromatic  light  onto  a  screen  provided  with  a  suit- 
able small  hole.  In  the  short  ultra-violet  this  method  may  be  superior 
to  the  monochromator  method.  The  relative  efficiencies  of  the  two 
methods  in  both  intensity  and  purity  have  been  studied  by  Heidt  and 
Forbes  (8). 

Satisfactory  filters  for  different  wave-lengths  have  been  worked  out 
in  the  visible  region  and  various  solutions  and  several  convenient  glass 
filters  are  now  available  (4,  11).  The  situation  in  the  ultra-violet  is  less 
satisfactory  and  new  developments  in  this  field  would  be  welcome.  The 
subject  of  filters  and  monochromators  has  been  discussed  in  detail  by 
Brackett  on  pages  149  to  170. 

Measurement  of  Intensities.  ^ — The  most  satisfactory  device  for  meas- 
uring the  intensity  of  light  is  the  thermopile,  which  consists  of  junctions 
of  unlike  metal  on  the  back  of  thin  metal  receivers  which  are  blackened. 
For  photochemical  investigations  the  utmost  sensitivity  is  not  required 
because  a  fairly  high  intensity  of  radiation  is  necessary  to  effect  sufficient 
photochemical  change  to  measure  by  chemical  analyses. 

*  Only  techniques  of  special  application  to  photochemistry  are  suggested  here. 
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The  receivers  are  usually  made  of  thin  silver.  Details  of  construction 
may  be  found  in  the  literature  (2;  6,  page  435).  Copper  and  constantan 
wires  are  easy  to  work  with  as  they  may  be  readily  soldered,  using  a 
flux  of  rosin.  Large-area  thermopiles  (1  by  4  cm.)  for  photochemical 
purposes  may  be  conveniently  made  with  a  single  receiver  of  thin  silver 
(0.01  mm.  in  thickness),  to  the  back  of  which  the  soldered  and  lacquered 
thermocouple  junctions  are  attached  with  de  Khotinsky  cement.  The 
thermopile  is  connected  directly  to  a  galvanometer  having  a  sensitivity 
of  5  to  10  mm.  per  microvolt  and  a  critical  damping  resistance  of  10  to 
25  ohms,  and  calibrated  with  a  carbon-filament  lamp  from  the  U.  S. 
Bureau  of  Standards.  For  crude  work,  in  the  absence  of  such  a  standard 
lamp,  it  may  be  assumed  that  a  new  60-watt  tungsten-filament  lamp 
gives  radiation  such  that  at  a  distance  of  two  meters  approximately  1  erg 
falls  on  1  mm.'^  of  the  receiving  surface  per  sec.  Details  for  exact  cali- 
bration (3;  6,  page  437)  are  supplied  with  the  lamps  which  may  be  pur- 
chased from  the  Bureau  of  Standards  at  a  small  cost.  It  is  necessary 
to  cover  the  thermopile  with  a  window  in  order  to  prevent  stray  currents 
of  air.  A  heavy  metal  box  surrounding  the  receiver  helps  to  maintain  a 
constant  temperature  and  prevent  drift  of  the  zero  point.  It  is  necessary 
to  make  the  window  of  quartz  in  order  to  standardize  the  thermopile 
because  glass  windows  absorb  a  considerable  quantity  of  the  infra-red 
heat  radiation  from  the  standardizing  lamp.  Glass  windows  may  be 
used  if  it  is  not  necessary  to  calibrate  the  thermopile  with  a  standard 
lamp.  A  quartz  window  makes  the  thermopile  suitable  for  work  in  the 
ultra-violet  as  well  as  in  the  visible. 

The  quantity  of  light  may  be  determined  also  by  an  actinometer 
which  contains  a  photochemically  sensitive  system  which  can  be  followed 
by  chemical  analyses.  One  of  the  best  materials  for  use  as  an  actinom- 
eter is  a  solution  of  uranyl  sulfate  and  oxalic  acid.  In  this  solution, 
0.6  of  a  molecule  of  oxalic  acid  is  decomposed  for  each  quantum  of  light 
absorbed  throughout  the  whole  range  of  wave-lengths  between   2500 

o 

and  4200  A.  Variations  at  the  different  wave-lengths  amount  to  0.1. 
Details  may  be  found  in  the  paper  of  Leighton  and  Forbes  (12).  The 
decomposition  of  oxalic  acid  is  readily  followed  by  titrations  with  a 
standard  solution  of  potassium  permanganate,  in  sulfuric  acid  solution. 
Chemical  Change. — The  course  of  a  photochemical  process  may  be 
followed  in  a  number  of  different  ways,  either  by  chemical  analysis  or 
by  physical  measurements.  Whenever  possible  it  is  desirable  to  use  a 
physical  measurement  which  does  not  affect  the  reacting  system  such,  for 
example,  as  pressure  change  of  a  gas,  or  electrical  conductance,  or  evolu- 
tion of  gas.  A  very  convenient  method  consists  in  using  the  absorption 
of  light  as  a  means  of  determining  the  amount  of  unknown  material. 
In  fact,  the  thermopile  readings  may  be  used  for  measuring  both  the 
intensity  of  light  absorbed  and   the  quantity  of  material  in  solution, 
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assuming  the  validity  of  Beer's  law  (page  260).  Samples  of  material 
can  be  removed  for  chemical  analysis  by  titration  or  other  means. 
Usually  very  sensitive  methods  of  measurement  are  necessary  because 
the  amount  of  change  is  small.  Especially  when  making  use  of  mono- 
chromators,  micro-  or  semimicrotechnique  is  necessary.  A  convenient 
microtechnique  for  analyzing  gases  has  been  developed  by  Blacet  and 
Leighton  (1). 

GENERAL  PROCEDURE 

In  the  following  paragraphs  the  general  procedure  for  conducting 
photochemical  investigations  will  be  outlined.  Specific  illustrations 
will  be  given  later.  At  the  outset  it  is  safe  to  assume  that  the  photo- 
chemical reaction  may  be  quite  complex  and  it  becomes  necessary  to 
exclude  as  far  as  possible  all  secondary  reactions  and  impurities  before 
drawing  conclusions  regarding  the  main  reaction.  For  example,  the 
photochlorination  of  organic  compounds  is  seriously  affected  by  the 
presence  of  small  amounts  of  oxygen.  Under  ordinary  conditions  in 
the  air,  the  photochemical  reaction  studied  will  be  one  involving  oxygen 
and  the  production  of  phosgene  as  an  intermediate  step.  The  direct 
addition  of  chlorine  to  an  organic  compound,  either  saturated  or  unsatu- 
rated, can  be  interpreted  only  in  case  oxygen  is  absent.  Many  other 
cases  of  similar  nature  are  known  where  traces  of  acid  or  of  inorganic 
salts  are  involved  in  the  observed  reaction. 

It  is  not  sufficient  in  quantitative  work  to  place  a  vessel  containing 
the  reacting  system  in  front  of  a  source  of  light  and  follow  the  photo- 
chemical change  in  the  vessel.  As  the  reaction  proceeds,  the  original 
material  is  destroyed  and  the  absorption  of  light  may  become  consider- 
ably lessened.  The  rate  of  the  reaction  then  slows  down  not  because 
of  any  fundamental  change  but  simply  because  less  of  the  light  is 
absorbed.  Qualitatively,  one  can  determine  the  nature  of  the  product 
which  is  formed  by  the  photochemical  reaction,  but  no  quantitative 
conclusions  can  be  drawn  from  the  rate  of  the  reaction.  In  many  cases 
it  is  important  to  know  the  rate  and  to  know  just  how  much  energy  is 
absorbed  by  the  photoactive  material.  The  most  fundamental  quantity 
to  be  measured  is  the  quantum  yield  <J>,  the  ratio  of  the  number  of  mole- 
cules reacting  to  the  number  of  quanta  actually  absorbed.  When  this 
value  is  known,  conclusions  regarding  the  fundamental  process  can  be 
drawn  and  the  extent  of  the  photochemical  reaction  can  be  predicted 
from  known  values  of  the  light  intensity  and  the  absorption  and  the 
time  of  exposure.  In  case  the  absorbing  material  is  so  concentrated 
that  all  the  light  is  absorbed  throughout  the  whole  reaction,  the  absorp- 
tion does  not  change  during  the  course  of  the  reaction  and  the  calculations 
are  somewhat  simpUfied.  There  are  certain  objections  to  this  procedure, 
particularly  when  a  large  amount  of  material  is  used. 
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It  is  necessary  to  measure  the  energy  absorbed  in  the  whole  reaction 
vessel.  The  vessel  is  set  up  in  the  optical  train  back  of  the  mono- 
chromator  slit  or  back  of  a  filter  and  the  intensity  of  the  light  passing 
through  the  slit  is  measured  with  a  thermopile  (or  actinometer).  In 
the  case  of  gaseous  reactions  the  readings  are  taken  when  the  cell  is 
empty  and  again  when  the  cell  is  filled.  In  the  case  of  solutions  the 
intensity  of  transmitted  light  is  measured  with  a  thermopile  when  the  cell 
is  filled  with  a  pure  solvent  and  again  when  filled  with  a  solution.  The 
difference  in  intensity  in  these  two  cases  represents  the  energj^  absorbed 
by  the  solute.  It  is  convenient  to  have  two  reaction  vessels  of  identical 
dimensions  placed  side  by  side.  One  is  empty  or  contains  a  solvent;  the 
other  contains  the  reacting  system.  A  slight  correction  is  necessary  for 
reflections  at  the  surface  of  a  cell  as  given  by  Fresnel's  well-known  law 
of  reflection.  With  flat,  plane  surfaces  and  light  striking  at  right  angles, 
the  reflection  loss  at  a  gas-glass  (or  -quartz)  interface  is  about  4  per  cent 
of  the  total  intensity.  The  reflection  loss  at  a  liquid-glass  interface  may 
be  neglected.  In  precision  work  when  the  thermopile  is  placed  back 
of  the  reaction  cell,  some  of  this  reflected  light  passes  back  into  the  reac- 
tion chamber  and  requires  a  small  correction.  With  three  gas-glass 
surfaces,  one  at  the  rear  of  the  cell,  one  at  the  front  of  the  thermopile 
window,  and  a  third  at  the  back  of  the  thermopile  window,  approxi- 
mately 10  to  12  per  cent  of  the  light  transmitted  through  the  reaction 
cell  will  be  reflected  back  into  the  reacting  mixture. 

The  light  which  passes  through  the  reaction  chamber  is  measured  by  a 
thermopile.  Usually  the  surface  of  the  thermopile  receivers  is  about 
1  mm.  wide  and  about  1  cm.  high  and  the  area  of  the  reaction  vessel  is 
much  larger.  It  is  necessary  then  to  converge,  by  means  of  a  lens,  all  the 
light  which  passes  through  the  reaction  cell  so  that  it  all  falls  on  the 
receivers  of  the  thermopile.  In  case  such  a  procedure  is  not  convenient, 
the  thermopile  must  be  moved  back  and  forth  and  up  and  down  across 
the  rear  of  the  reaction  chamber.  In  this  way  an  integrated  value  for  the 
total  light  passing  through  the  cell  is  obtained.  It  is  comparatively 
easy,  as  described  on  page  277,  to  make  thermopiles  having  an  area 
1  cm.  wide  and  4  cm.  high  and  a  parallel  beam  of  light  issuing  from  a 
monochromator  or  from  a  filter  system  can  be  of  such  dimensions  as  to 
fall  completely  within  the  area  of  such  a  thermopile.  When  still  larger 
cells  are  used,  it  becomes  necessary  to  integrate  even  with  this  large-area 
thermopile.  In  accurate  work  it  is  usually  necessary  to  thermostat  the 
reaction  vessel  and  it  is  convenient  to  immerse  the  reaction  chamber 
and  the  thermopile  in  a  vessel  containing  thermostated  water.  Copper 
and  brass  are  preferred  for  such  a  thermostat  because  any  trace  of  iron 
rust  in  the  water  produces  a  considerable  change  in  the  absorption  of 
blue  and  ultra-violet  light.  The  thermopile  is,  of  course,  affected  by 
differences  in  temperature  and  it  is  advisable,  although  more  troublesome, 
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to  immerse  the  thermopile  in  a  water-tight  box  provided  with  a  (quartz) 
window  and  submerged  in  the  thermostat  directly  behind  the  reaction 
vessel. 

Calculations. — The  total  number  of  moles  reacting  is  determined 
by  chemical  or  physical  measurements.  The  number  of  moles  reacting 
is  then  multiplied  by  the  Avogadro  number  6.06  X  10^^  in  order  to 
determine  the  number  of  molecules  reacting.  The  number  of  ergs 
absorbed  by  the  reacting  mixture  is  determined  with  the  calibrated 
thermopile  and  the  number  of  seconds  is  recorded  during  which  the 
radiation  is  absorbed.  Next,  the  number  of  ergs  in  one  quantum  is 
calculated  and  this  quantity  is  divided  into  the  total  number  of  ergs 
absorbed.  The  quotient  gives  the  number  of  quanta  absorbed.  In 
calculating  the  number  of  ergs  in  one  quantum  the  wave-length  of  light 
is  expressed  in  centimeters  and  divided  into  the  velocity  of  light 
(3  X  10^°  cm.)  in  order  to  obtain  the  frequency  of  light.  This  frequency 
of  light  is  then  multiplied  by  Planck's  constant  h  (6.55  X  10"^^  erg-sec). 
Having  determined  the  number  of  quanta  absorbed,  and  the  number  of 
molecules  reacting,  the  quantum  yield  $  is  calculated.  It  is  the  number 
of  molecules  reacting  divided  by  the  number  of  quanta  absorbed.  A 
typical  example  illustrating  the  calculation  of  the  quantum  yield  is 
given  below. 

Wave-length  =  4360A. 

Bromine  reacting  =  0.0054  X  10~''  mole 

Absorbed-light  intensity  =  12.92  X  10^  ergs/sec. 

Time  of  exposure  =  895  sec. 

^  ,  ,           .      u      I    J       12.92  X  10'^  X  895  X  4.36  X  10-^ 
iotal  quanta  absorbed  =  fi  g;g;  v  10-"  v  '^  v  inio —  ^ 

2.57  X  lO's 
Molecules  reacting  =  0.0054  X  10-^  X  6.06  X  lO^^  =  3.27  X  lO^^ 
_  molecules  reacting  _  3.27  X  10^*  _  „ 
quanta  absorbed  2.57  X  10^^ 
With  the  best  technique  now  available  quantum  yields  in  the  neighbor- 
hood of  unity  can  be  determined  with  a  precision  of  about  1  per  cent. 
The  absolute  values  of  the  radiation  standard  are  probably  known  with 
an  accuracy  no  greater  than  two  or  three  per  cent  and  in  general  an 
accuracy  within  0.05  is  about  all  that  can  be  expected  at  present  in  the 
determination  of  $.  Usually  the  accuracy  of  the  chemical  analysis 
constitutes  the  limiting  factor.  Sometimes  the  determination  of  the 
quantum  yield  is  a  very  difficult  matter  and  although  it  is  always  desir- 
able, it  is  oftentimes  unnecessary  for  a  particular  purpose  and  the  time 
is  not  worth  the  expenditure  of  effort  which  it  entails.  The  importance 
of  determining  the  value  of  the  quantum  yield  lies  in  the  fact  that  deduc- 
tions may  often  be  made  concerning  the  primary  and  secondary  processes. 
If  the  quantum  yield  is  unity,  the  chances  are  that  the  primary  process 
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is  being  measured,  uncomplicated  by  secondary  thermal  reactions.  If 
the  quantum  yield  is  nearly  unity,  one  can  look  for  minor  compUcations. 
If  the  quantum  yield  is  considerably  greater  than  unity,  a  chain  reaction 
is  indicated.  If  the  quantum  yield  is  less  than  unity,  it  may  be  con- 
cluded either,  (a)  that  some  other  absorbing  material  is  present  and  is 
appropriating  some  of  the  absorbed  energy,  so  that  it  cannot  take  part 
in  the  photochemical  reaction;  (b)  that  there  is  no  photochemical  reaction, 
i.e.,  the  energy  is  being  dissipated  as  heat  because  there  is  no  other 
suitable  chemical  outlet  for  the  energy  of  excitation;  (c)  that  radiant 
energy  is  going  partly  into  chemical  energy  and  partly  into  heat  or  (d) 
that  a  reverse  reaction  or  side  reaction,  not  measured  in  the  experiment, 
is  consuming  the  radiant  energy. 
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PART  2.     PHOTOCHEMICAL  INVESTIGATIONS 

The  principles  and  experimental  technique  of  photochemistry  may- 
be learned  best  from  the  many  excellent  researches  that  are  now  appearing 
in  the  scientific  journals.  A  brief  survey  of  a  few  of  these  is  given  in 
the  following  pages.  The  reactions  are  chosen  to  illustrate  specific 
theories  and  quantitative  experimentation,  and  no  attempt  is  made  to 
cover  the  whole  field  of  photochemistry.  Complete  references  to  earlier 
work  may  be  found  in  the  references  cited  in  the  bibliography. 

Acetylene. — Acetylene  gas  polymerizes  to  a  yellow  solid  at  wave- 
lengths below  2534  A.  Light  of  longer  wave-length  is  inactive.  The  solid, 
called  "cuprene,"  is  similar  to  a  resin  and  it  is  so  insoluble  that  its  molec- 
ular weight  has  not  yet  been  determined.  Oxidation  and  analysis  show 
that  the  material  has  the  formula  (CH)^.  Lind  and  Livingston  (36) 
found  a  quantum  yield  of  about  seven  molecules  polymerized  for  each 
quantum  absorbed  in  the  region  between  2334  and  2054  A.  A  slight 
temperature  coefficient  was  reported.  A  focal  isolation  method  was  used 
in  which  the  shorter  wave-lengths  were  converged  most  by  a  quartz 
lens  and  passed  through  a  small  opening. 

Acetone. — The  photolysis  of  gaseous  acetone  has  been  carefully 
investigated  in  several  different  laboratories  during  the  last  few  years. 
The  chief  reaction  is: 

(CH3)2CO  -hhv  =  C2H6  +  CO 
According   to   this   reaction,    the   decomposition   produces   a   doubling 
of  the   pressure.     Methane   and  sometimes  hydrogen  are  found  with 
the  ethane,  but  the  carbon  monoxide  always  comprises  about  50  per  cent 
of  the  products. 

Damon  and  Daniels  (12)  sealed  off  acetone  vapor  in  a  rectangular 
quartz  cell  and  measured  the  pressure  through  a  sensitive  quartz  dia- 
phragm, provided  with  an  external  platinum  contact  which  closed 
an  electrical  circuit.  A  measured  air  pressure  was  balanced  against  the 
pressure  of  the  acetone  and  its  decomposition  products.  The  cell  was 
placed  in  a  water  thermostat  at  56.5°,  making  possible  the  use  of  acetone 
vapor  at  a  pressure  of  one  atmosphere.  Monochromatic  light  from  a 
capillary  lamp  and  large  quartz  monochromator  was  passed  through 
the  cell  onto  a  thermopile  of  large  area,  placed  at  the  rear  of  the  cell 
and  contained  in  a  submarine  jacket  completely  immersed  in  the  thermo- 
stat water. 

For  zero  readings  of  the  thermopile  and  galvanometer  a  second  quartz 
cell,  identical  in  dimensions  with  the  reaction  cell,  was  placed  at  tlie  side 
and  shifted  into  the  beam  of  the  light. 
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The  acetone  vapor  was  partially  removed  by  evacuation  and  a  series 
of  transmissions  was  measured  at  different  partial  pressures.  The 
logarithm  of  the  percentage  transmission  was  then  plotted  against  the 
partial  pressure  of  the  acetone  vapor,  as  shown  in  Fig.  5  on  page  261.  It 
is  clear  from  the  diagram  that  the  absorption  is  greatest  at  the  2650  A 
line,  and  the  straightness  of  the  lines  indicates  that  the  absorption  follows 
Beer's  law — as  it  should  in  the  case  of  a  simple  absorbing  system. 

In  one  typical  experiment  the  radiation  was  absorbed  at  the  rate  of 
85,200  ergs/sec.  over  a  period  of  23,000  sec.  This  absorption  of  light 
resulted  in  an  increase  of  pressure  amounting  to  30.4  mm.  From 
the  known  volume  of  the  cell  (about  60  cc.)  it  can  be  calculated  that 
5.28  X  10^^  molecules  of  acetone  were  decomposed;  calculating  the 
radiation  in  terms  of  number  of  quanta  absorbed  during  the  whole  expo- 
sure, it  was  found  that  on  the  average  0.17  molecule  of  acetone  was 
decomposed  for  each  quantum  absorbed.  With  a  total  of  eight  separate 
determinations,  the  average  deviation  from  this  averaged  value  was  0.02. 
The  quantum  yield  increased  at  low  intensities  and  decreased  at  low 
pressures. 

The  photolysis  of  acetone  has  been  investigated  recently  by  Norrish, 
Crone,  and  Saltmarsh  (38).  The  quantum  yields  obtained  were  prac- 
tically the  same  as  those  already  described.  These  investigators  found 
that  the  spectrum  shows  discontinuity  at  the  longer  wave-lengths  from 
3325  to  2950  A.  Below  2950  A  it  is  continuous.  Ultra-violet  light 
produces  in  acetone  vapor  a  brilliant  green  fluorescence.  At  low  intensi- 
ties the  fluorescence  appears  to  be  produced  only  by  exciting  light  that 
falls  in  this  discontinuous  region. 

The  mechanism  by  which  acetone  decomposes  under  the  influence 
of  ultra-violet  light  is  a  matter  of  considerable  interest.  The  fluorescence 
of  acetone  suggests  an  excitation  of  the  molecule,  whereas  the  continuous 
spectrum  suggests  decomposition  directly  into  fragments.  Several 
different  mechanisms  can  be  suggested,  but  there  seems  to  be  an 
increasing  amount  of  evidence,  in  this  and  similar  reactions,  which  favors 
photodissociation  into  free  radicals  (methyl  groups)  as  one  of  the 
principal  primary  reactions. 

The  spectrum  of  acetone  vapor  throughout  the  ultra-violet  has  been 
carefully  measured  and  interpreted  by  Noyes,  Duncan,  and  Mann- 
ing (41).  The  theory  of  the  decomposition  of  ketones  and  aldehydes  has 
been  discussed  by  Norrish  and  his  coworkers. 

Aldehydes. — Formaldehyde  is  decomposed  by  ultra-violet  light 
between  3650  and  2540  A,  according  to  the  reaction: 

H2CO  +  /ii/  =  Ho  +  CO 
In  the  longer  wave-lengths  of  this  region  the  quantum  efficiency  is 
0.7  molecule  per  quantum  of  absorbed  light.     At  the  shorter  wave-lengths 
it  is  0.9,  and  in  the  neighborhood  of  3100  A  it  is  1.1  (39). 
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The  photolysis  in  the  gas  phase  of  propionaldehyde  (32)  and 
acetaldehyde  (33)  has  been  carefully  investigated  by  Leighton 
and  Blacet,  using  a  mercury  arc  with  a  quartz  monochromator.  Very 
small  quantities  of  the  decomposition  products  were  obtained  on 
account  of  the  weak  intensities  of  the  monochromatic  light,  and 
the  authors  developed  an  excellent  technique  for  the  microanalysis 
of  50  to  100  mm.  3  of  these  gases,  using  fused  beads  of  material  as  solid 
absorbents. 

Photochemical  decomposition  and  polymerization  occur  as  two 
independent  and  simultaneous  reactions.  Decomposition  is  independent 
of  pressure,  while  the  apparent  polymerization  is  directly  proportional 
to  pressure.  The  quantum  efficiency  is  independent  of  the  intensity  of 
the  light,  i.e.,  the  amount  of  change  at  a  given  wave-length  is  directly 
proportional  to  the  amovmt  of  light  absorbed. 

The  acetaldehyde  decomposes  chiefly  into  carbon  monoxide, 
methane,  and  ethane,  together  with  a  little  hydrogen.  ^  At  3130  A 
the  quantum  yield  for  decomposition  is  0.51.  At  2654  A  it  is  about 
0.77,  and  at  2537  A  about  1.02.  The  absorption  spectrum  of  acet- 
aldehyde shows  distinct  structure  in  the  region  from  3400  to  3250  A. 
From  3250  to  3050  A  the  absorption  lines  are  diffuse  and  from  3050 
to  2700  A  the  lines  are  without  structure.  Throughout  the  whole  region 
from  3400  to  2400  A  there  is  continuous  absorption,  reaching  a  maximum 
at  about  2700  A. 

Recent  work  by  Leermakers  (30)  shows  that  the  quantum  yield 
increases  very  rapidly  at  high  temperatures,  amounting  to  310  at  300°C. 
This  large  yield  appears  to  be  due  to  a  long  cham  reaction  involving  free 
radicals  such  as  ethyl  and  methyl  groups. 

Ammonia. — Ammonia  is  decomposed  by  short  ultra-violet  Kght,  which 
it  absorbs  at  2000  A  and  below.  A  mercury  arc  does  not  give  sufficient 
intensity  in  this  region  for  conducting  photochemical  measurements. 
Accordingly  a  spark  of  zinc  or  magnesium  is  used.  Large  disks,  rotating 
at  right  angles,  form  convenient  electrodes  between  which  the  spark 
passes.  Either  a  focal  isolation  method  or  a  monochromator  method  can 
be  used.  The  quantum  yield  is  approximately  0. 14  molecule  decomposed 
per  quantum  absorbed  at  25°  (28) .  The  products  are  nitrogen  and  hydro- 
gen in  a  1:3  ratio.  The  quantum  yield  is  independent  of  hght  intensity 
and  varies  but  slightly  with  temperature,  giving  a  value  practically  twice 
as  large  at  200°C.  The  low  quantum  yield  may  be  due  to  recombination 
of  the  fragments  which  are  thrown  out  in  the  decomposition  process; 
or  some  of  the  absorbed  energy  may  be  dissipated  as  heat  in  vibrations 
of  the  atoms  within  the  molecule  under  conditions  where  dissociation 
does  not  immediately  take  place. 

Anthracene  Polymerization. — When  anthracene  is  dissolved  in  xylene 
or  other  solvent  and  exposed  to  ultra-violet  light,  the  anthracene  poly- 
merizes to  give  double  molecules,  according  to  the  reaction : 
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2C14H10  ?=^   (Cl4Hio)2 

The  de-polymerization  of  the  double  compound  proceeds  as  a  thermal 
reaction.  Anthracene  shows  a  brilliant  fluorescence  when  excited  by 
ultra-violet  light.  The  di-anthracene  is  not  affected  by  the  ultra-violet 
light,  giving  neither  fluorescence  nor  dissociation. 

These  facts  lead  to  an  understanding  of  the  photochemical  reaction. 
When  an  electron  is  displaced  in  the  anthracene  molecule  by  the  absorp- 
tion of  a  photon  of  ultra-violet  light,  the  molecule  becomes  excited  and, 
on  collision  with  a  second  anthracene  molecule,  produces  the  di-anthra- 
cene. If  the  excited  molecule  cannot  collide  with  the  second  molecule 
immediately,  the  electron  returns  to  a  lower  energy  level  and  emits  visible 
light.  The  fluorescence  decreases  in  intensity  as  the  concentration  of 
anthracene  molecules  increases.  At  ordinary  light  intensities  there  is  a 
sufficient  number  of  molecules  to  give  reaction,  and  the  rate  of  the  reac- 
tion is  independent  of  the  concentration,  i.e.,  it  is  a  zero-order  reaction. 
The  photochemical  polymerization,  as  in  the  case  of  other  photochemical 
reactions,  has  a  small  temperature  coefficient;  the  reverse  reaction,  the 
de-polymerization,  is  an  ordinary  thermal  reaction  and  as  such  has  a 
high  temperature  coefficient.  The  rate  of  polymerization  to  di-anthra- 
cene is  directly  proportional  to  the  intensity  of  the  light,  and  the  rate  of 
decomposition  is  independent  of  the  light  intensity  and  directly  pro- 
portional to  the  concentration  of  di-anthracene.  These  facts  can  be 
expressed  by  the  following  equation,  in  which  x  represents  the  con- 
centration of  di-anthracene,  /  the  intensity  of  the  light  absorbed,  k  a 
velocity  constant  for  the  light  reaction,  and  k'  a  velocity  constant  for  the 
dark  reaction: 

dx/dt  =  kl  —  k'x 

When  the  rate  of  de-polymerization  exactly  offsets  the  rate  of  poly- 
merization, dx/dt  =  0  and  an  equilibrium  or  stationary  state  exists, 
given  by  the  following  equations: 

kl  =  k'x         and         x  =  kl/k' 

It  is  evident  that  the  concentration  of  di-anthracene  in  this  stationary 
state  will  depend  on  the  intensity  of  light  and  on  temperature.  The 
temperature  change  for  the  photochemical  reaction  (k)  for  a  10°  rise  is 
1.1;  and  the  temperature  change  for  the  thermal  de-polymerization  (A;') 
is  2.8  for  a  10°  rise.  The  ratio  of  these  two  values,  1.1  divided  by  2.8, 
gives  directly  the  influence  of  a  10°  rise  in  temperature  on  this  stationary 
state  and  permits  a  simple  experimental  check  of  these  conclusions.  The 
experimental  facts  agree  well  with  these  calculations  (55,  56). 

This  reaction  is  an  interesting  one  in  showing  how  the  quantum  yield 
changes  with  concentration  and  with  other  variables.  At  the  very 
beginning  of  the  illumination,  very  little  di-anthracene  has  accumulated 
and  the  reverse  reaction  is  negligible.     The  quantum  yield  should  then 
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give  one  excited  molecule  for  each  photon  absorbed  and  accordingly 
one  molecule  of  di-anthracene.  The  quantum  yield  should  be  unity, 
except  for  the  slight  loss  of  activation  through  fluorescence.  At  the 
stationary  state,  when  the  di-anthracene  has  accumulated  to  such  an 
extent  that  the  decomposition  rate  is  equal  to  the  rate  of  production,  there 
will  be  no  apparent  change  while  the  beam  of  light  is  being  absorbed.  In 
other  words,  the  quantum  yield  will  appear  to  be  zero.  Between  these 
limits  of  no  di-anthracene  and  equilibrium  quantities  of  di-anthracene, 
one  may  obtain  any  apparent  quantum  yield  ranging  from  1  to  0.  In 
this  case  the  significant  photochemical  reaction  is  that  taking  place  at 
the  beginning  of  the  reaction.  Quite  frequently,  when  complicating 
reactions  follow  the  primary  reactions,  one  can  obtain  a  knowledge  of 
the  primary  process  by  working  with  short  exposures. 

Bromination  of  Cinnamic  Acid. — When  cinnamic  acid  and  bromine 
are  dissolved  in  carbon  tetrachloride,  the  bromine  very  slowly  adds  to 
the  cinnamic  acid,  forming  di-bromocinnamic  acid  and  producing  a 
decrease  in  the  concentration  of  the  remaining  bromine.  The  con- 
centration of  the  bromine  is  easily  determined  by  pouring  the  solution 
into  an  aqueous  solution  of  potassium  iodide  in  water  and  shaking 
thoroughly.  Bromine  from  the  carbon  tetrachloride  enters  the  aqueous 
solution  and  liberates  iodine  from  the  potassium  iodide,  which  is  accu- 
rately titrated  with  sodium  thiosulphate. 

This  reaction  has  been  studied  by  many  investigators.  It  is  con- 
venient to  carry  out  with  visible  light,  and  is  easily  measured  by  standard 
titrations.  In  a  recent  investigation  (5),  it  was  found  that  the  quantum 
yield  decreased  as  the  bromine  in  solution  decreased.  Extrapolation 
to  infinite  dilution  of  bromine  gave  a  quantum  yield  of  one  molecule  of 
bromine  reacting  per  quantum  absorbed.  These  results  were  obtained 
at  30°C.  At  20°  the  quantum  yields  were  about  one-third  as  much,  and 
at  10°  roughly  one-ninth  as  much.  The  interesting  point  is  that  all  of 
these  quantum  yields  at  the  different  temperatures  gave  extrapolated 
values  of  unity  at  infinite  dilution,  as  would  be  expected  from  the  Einstein 
law,  which  applies  to  the  primary  photochemical  process.  Apparently, 
then,  in  this  case  it  is  possible  to  separate  the  primary  photoprocess  from 
the  secondary  thermal  reaction.  The  secondary  thermal  reactions  are 
subject  to  the  large  temperature  effect  which  ordinarily  applies  to  thermal 
reactions. 

It  has  been  shown  recently  (6)  that  all  these  photochemical  measure- 
ments on  the  photobromination  of  cinnamic  acid  really  involve  an  oxygen- 
inhibited  reaction.  It  has  been  found  that,  when  the  oxygen  is  boiled 
out  of  the  carbon  tetrachloride  solution  by  evaporating  part  of  the  carbon 
tetrachloride  with  a  water  aspirator,  the  reaction  goes  so  rapidly  in  weak 
light  that  it  cannot  be  readily  followed.  This  inhibition  by  oxygen  of 
the  addition  of  halogen  to  a  double  bond  is  probably  quite  general. 
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In  this  case  the  oxygen  prevents  the  easy  addition  of  bromine  to  cinnamic 
acid;  only  when  the  bromine  molecules  are  excited  by  the  absorption  of 
light  or  possibly  when  they  are  dissociated  into  atoms  by  the  light,  is  it 
possible  for  bromine  to  add  easily  to  the  double  bond  of  cinnamic  acid. 
Bromine-hydrogen  Reaction. — Bromine  vapor  shows  discontinuous 
absorption  above  5107  A,  and  at  wave-lengths  shorter  than  this  it  shows 
continuous  absorption.  In  this  region  bromine  molecules  are  dissociated 
into  bromine  atoms,  one  of  which  exists  in  the  excited  state.  When 
mixed  with  hydrogen  at  room  temperature,  no  reaction  takes  place,  but 
at  temperatures  above  150°  there  is  direct  union  of  the  bromine  with 
hydrogen  when  illimiinated,  giving  hydrobromic  acid.  The  following 
reaction  probably  represents  the  course  of  the  reaction: 

1.  Bro  +  /ii/  =  Br  +  Br 

2.  Br  +  Hs  =  HBr  +  H 

3.  H  +  Br2  =  HBr  +  Br,  etc. 

4.  Br  +  Br  =  Bra 

The  kinetics  of  this  reaction  was  worked  out  by  Bodenstein  and  Liitke- 
meyer  (8). 

At  room  temperature  the  bromine  atoms  recombine  (probably 
through  collisions  with  a  third  body),  regenerating  the  original  bromine 
molecules,  as  in  equation  4.  At  higher  temperatures  the  bromine 
atoms  obtain  sufficient  energy  to  react  with  hydrogen  molecules,  giving 
hydrobromic  acid  and  hydrogen  atoms,  as  shown  in  equation  2.  When 
this  reaction  starts  in,  it  is  possible  for  the  hydrogen  atoms  to  continue 
a  chain,  as  given  by  equation  3,  followed  again  by  a  bromine  atom  com- 
bining with  another  hydrogen  molecule,  etc.  When  hydrobromic  acid 
becomes  quite  concentrated,  the  reverse  of  equation  2  may  take  place  to  a 
considerable  extent.  These  facts,  and  several  others,  are  nicely  sum- 
marized by  the  following  equation: 

^[HBr]  _       rj        [H2] 

where  k  and  k'  are  constants  and  /  is  the  intensity  of  light  absorbed. 

The  dependence  of  the  photochemical  reaction  on  the  square  root 
of  the  light  intensity  is  frequently  found  when  dissociation  of  a  molecule 
into  two  atoms  is  the  primary  process.  It  follows  directly  from  the  mass 
law.  This  photochemical  reaction  and  the  thermal  reaction  are  dis- 
cussed in  detail  by  Kistiakowsky  (26). 

Chlorination  of  Benzene. — When  a  mixture  of  chlorine  and  benzene 
is  illuminated  with  ultra-violet  light  or  blue  light,  a  variety  of  chlorinated 
benzene  products  is  produced.  The  reaction  has  been  studied  by  several 
different  investigators,  in  solution  and  in  the  gas  phase.     A  careful  study 
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of  this  reaction  has  been  carried  out  by  Noyes  and  his  associates  (48). 
The  reaction  is  quite  complex  and  involves  both  addition  of  chlorine  to 
benzene  and  substitution  of  hydrogen  by  chlorine.  A  short  chain  is 
involved  in  the  reaction.  The  rate  of  the  reaction  is  proportional  to  the 
square  root  of  the  light  intensity  and  directly  proportional  to  the  pressure 
of  the  chlorine  and  the  pressure  of  the  benzene.  The  fact  that  the  rate 
of  reaction  depends  upon  the  square  root  of  the  light  intensity  indicates 
that  chlorine  atoms  are  involved,  and  the  primary  process  is  doubtless 
the  dissociation  of  the  chlorine  molecule  into  chlorine  atoms.  The  large 
quantum  yield  can  be  satisfactorily  accounted  for  by  a  series  of  uiter- 
mediate  reaction  steps  involving  hydrogen  atoms  or  chlorine  atoms. 

The  experiments  were  carried  out  in  all-glass  apparatus,  and  the  total 
pressure  of  the  gases  was  measured  with  a  glass  diaphragm.  The  chlorine 
remaining  after  illumination  was  determined  by  treatment  with  potassium 
iodide,  and  the  hydrochloric  acid  formed  was  obtained  by  direct  analysis. 
Experiments  were  carried  out  at  3660  and  3130  A.  The  interpretation 
of  the  reaction  is  seriously  complicated  by  the  fact  that  solid  and  liquid 
products  condense  out  on  the  walls  of  the  reaction  chamber.  These 
products  are  then  subject  to  further  chlorination.  Substitution  and 
addition  take  place  simultaneously,  particularly  after  the  benzene  has 
been  partially  chlorinated,  but  at  low  benzene  pressures  almost  the  entire 
initial  photochemical  reaction  is  that  of  addition.  The  final  reaction 
products,  after  long  periods  of  illumination,  always  approach  the  composi- 
tion of  the  dodecachlorocyclohexane  (C6CI12). 

The  chlorination  of  chlorobenzene  was  studied  in  a  similar  manner 
(22)  in  an  attempt  to  decide  the  correct  mechanism  for  the  photochlorina- 
tion  of  the  benzene.  The  ultimate  product  is  the  same  as  for  the  benzene. 
The  relative  amounts  of  substitution  and  addition  products  were  carefully 
determined,    and    several    mechanisms    were    suggested    and    critically 

discussed. 

Chlorination  of  Tetrachloroethylene.— This  is  an  interesting  reaction 
because  there  is  no  opportunity  for  chlorine  to  substitute  for  hydrogen, 
and  the  only  product  would  appear  to  be  a  simple  one, — hexachloro 
ethane  (C2CI6).  However,  as  in  many  other  photochemical  reactions, 
and  thermal  reactions  as  well,  the  reaction  is  seriously  influenced  by 
the  presence  of  oxygen,  even  in  small  amounts.  The  reactions  have  been 
studied  in  detail  by  Dickinson  and  his  associates,  both  in  the  gas  phase 
(14)  and  in  a  solution  of  carbon  tetrachloride  (15,  31). 

The  blue  line,  4358  A  of  the  mercury  arc  was  isolated  by  means  of 
filters,  and  the  light  was  passed  through  a  pyrex  cylindrical  cell  with 
polished  ends.  The  light  passing  through  the  cell  was  measured  by  a 
thermopile  and  galvanometer. 

In  the  absence  of  oxygen,  the  rate  of  the  chlorination  was  directly 
proportional  to  the  concentration  of  chlorine  and  proportional  to  the 
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square  root  of  the  number  of  photons  absorbed  by  the  system.  The 
quantum  yield  ranged  from  300  to  500  molecules  reacting  for  each 
quantum  absorbed.  The  reaction  in  carbon  tetrachloride  solution  has 
very  nearly  the  same  characteristics,  and  the  quantum  yields  are  about 
the  same,  slightly  higher  in  certain  cases.  According  to  one  proposed 
mechanism,  the  large  quantum  yield  can  be  explained  on  the  basis  of  a 
chain  reaction  involving  the  radical  C2CI5. 

The  photochlorination  of  tetrachloroethylene  is  strongly  inhibited 
by  oxygen,  even  in  small  amounts,  but  in  place  of  the  chlorination  reac- 
tion an  oxidation  reaction  takes  place.  This  chlorine-sensitized  photo- 
oxidation  of  tetrachloroethylene  gives  chiefly  trichloroacetylchloride, 
together  with  small  amounts  of  phosgene.  The  rate  of  this  reaction  is 
proportional  to  the  number  of  photons  absorbed — not  to  the  square  root 
of  the  number,  as  in  the  chlorination  reaction.  It  is  proportional  also 
to  the  first  power  of  the  chlorine  concentration,  is  independent  of  the 
amount  of  oxygen,  and  is  only  slightly  dependent  upon  the  concentration 
of  the  tetrachloroethylene. 

The  quantum  yield  is  about  300  molecules  per  photon  in  the  gas  phase. 
In  carbon  tetrachloride  solution  the  quantum  yield  for  this  reaction  is 
much  less,  approximately  2  molecules  per  photon.  It  is  independent 
of  concentration  or  light  intensity  in  the  gas  reaction,  but  in  carbon 
tetrachloride  solution  it  depends  on  the  concentration  of  the  chlorine. 
An  increase  of  10°C.  causes  the  reaction  to  go  1.2  times  as  fast.  In 
solution,  after  the  oxygen  is  used  up,  the  reaction  goes  much  faster,  as 
might  be  expected  from  the  fact  that  the  quantum  yield  is  300  in  the 
absence  of  oxygen  and  2  in  the  presence  of  oxygen.  In  comparing  the 
experiments  in  gas  phase  and  in  solution,  it  may  be  pointed  out  that 
the  solvent  seems  to  stop  the  oxidation  chain  but  not  the  chlorination 
chain. 

Chlorine-hydrogen  Combination. — This  reaction  has  been  studied  many 
years,  and  more  has  been  published  on  it  than  on  any  other  photochemical 
reaction.  It  has  been  a  most  baffling  reaction,  and  many  apparently 
contradictory  results  have  been  reported. 

The  quantum  yield  is  enormous,  running  up  as  high  as  a  million  mole- 
cules per  photon  absorbed.  This  fact  led  to  the  first  proposal  for  a 
chain-reaction  mechanism,  and  historically  the  reaction  is  responsible 
for  a  number  of  interesting  developments  in  chemical  kinetics  and  in 
photochemistry.  The  reaction  is  complicated  by  this  long  chain  mecha- 
nism, by  an  induction  period,  and  by  the  fact  that  small  amounts  of  air 
inhibit  the  reaction.  The  reaction  is  inhibited  not  only  by  oxygen  but 
by  traces  of  various  impurities. 

The  most  recent  and  perhaps  the  most  exhaustive  research  on  this 
reaction  is  due  to  Ritchie  and  Norrish  (44,  40).  The  gases,  chlorine, 
hydrogen,  and,  in  some  of  the  experiments,  oxygen  and  hydrogen  chloride 
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as  well,  were  contained  in  large  reservoirs  and  mixed  in  a  cylindrical 
quartz  cell,  the  pressure  being  determined  with  a  glass  gauge.  Light 
from  a  mercury- vapor  lamp  was  passed  through  filters  to  make  it  approxi- 
mately monochromatic,  then  passed  through  the  reaction  chamber  and 
on  to  a  thermopile. 

The  concentration  of  chlorine  was  determined  by  application  of  Beer's 
law.  Previous  calibration  and  determination  of  the  absorption  coefficient 
permitted  a  direct  reading  of  the  concentration  of  chlorine  from  the 
galvanometer  deflection.  The  same  galvanometer  deflection  was  used 
also  in  determining  the  energy  absorbed,  and  thus  it  was  possible  to 
determine  quantum  yields  directly  from  the  galvanometer  deflections 
alone.  This  method  for  determining  quantum  yields  is  quite  superior  to 
some  of  the  methods  used  previously.  There  is  no  pressure  change 
during  the  reaction,  and  manometer  measurements  cannot  be  used  for 
following  the  course  of  this  reaction.  In  one  method  water  is  added,  and 
the  hydrogen  chloride  and  the  chlorine  are  absorbed.  Both  from  pres- 
sure changes  and  from  the  chemical  titrations  the  course  of  the  reaction 
can  then  be  followed.  In  other  methods  the  gas  mixture  is  frozen  out 
in  an  attached  U-tube,  and  the  pressure  of  the  remaining  hydrogen  is 
determined.  These  methods  are  less  accurate  and  slower  than  the 
direct  determination  in  the  cell  by  means  of  Beer's  law. 

The  primary  process  is  the  photodissociation  of  chlorine  molecules 
into  chlorine  atoms.  At  the  shorter  wave-lengths  one  of  the  atoms  is  in 
an  excited  state.  The  chlorine  atoms  combine  wdth  hydrogen  molecules, 
forming  hydrochloric  acid  and  releasing  hydrogen.  A  series  of  reactions 
leading  to  a  long  chain  is  set  up,  as  indicated  by  the  following  equations : 

1.  CI2  +  hv  =  CI  +  CI 

2.  CI  +  H2  =  HCl  +  H 

3.  H  +  CI2  =  HCl  +  CI,  etc. 

4.  H  +  HCl  =  H2  +  CI 

5.  CI  +  CI  -  CI2 

The  retarding  effect  of  hydrochloric  acid  and  the  influence  of  the 
concentration  of  the  hydrogen  and  chlorine,  together  with  the  fact  that 
the  reaction  rate  depends  upon  the  intensity  of  the  light  absorbed,  can 
all  be  expressed  quantitatively  by  an  empirical  formula  (44). 

The  maximum  quantum  yield  obtained  was  about  100,000  molecules 
per  quantum  absorbed.  The  chains  are  continued  until  stopped  by 
some  chemical  reaction,  as  for  example  when  a  chlorine  atom  combines 
with  another  chlorine  atom  to  form  a  chlorine  molecule. 

It  has  long  been  known  that  oxygen  exerts  a  strong  inhibiting  effect 
on  this  reaction.  It  apparently  stops  the  reaction  chains.  It  was  found 
that  in  oxygen-rich  mixtures  the  quantum  efficiency  is  independent  of 
the  intensity  of  the  absorbed  light  and  varies  inversely  as  the  partial 
pressure  of  the  oxygen  (40). 
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It  is  seen  that  this  reaction  is  extremely  compUcated,  and  it  is  no 
wonder  that  different  investigators,  working  under  different  conditions 
of  oxygen  pressure,  hght  intensity,  and  size  of  reaction  chamber,  and 
without  special  apparatus  to  remove  impurities,  have  failed  to  agree. 

The  Chlorination  of  Trichlorohromomethane. — This  photochemical 
reaction  is  a  fairly  simple  one  to  interpret.  The  overall  reaction  goes 
according  to  the  following  equation: 

Clo  +  hv  -{-  2CCl3Br  =  2CCI4  +  Bra 

The  chlorine  atom  drives  out  the  bromine  atom  from  the  compound, 
and  there  is  very  little  chance  for  any  other  side  reaction.  There  seems 
to  be  no  chance  for  the  complication  of  a  chain  reaction.  A  quantum 
yield  of  0.9,  slightly  less  than  unity,  was  obtained  in  the  pure  liquid  and 
in  solutions,  even  when  highly  diluted  with  carbon  tetrachloride  or 
silicon  tetrachloride  (19).  If  these  solvents  are  not  pure,  but  contain 
dissolved  oxygen,  the  reaction  is  inhibited. 

Eder's  Reaction. — The  photochemical  reaction  between  mercuric 
chloride  and  ammonium  oxalate  produced  by  visible  light  in  solution 
has  been  the  subject  of  many  investigations.  Mercurous  chloride  is 
precipitated  and  carbon  dioxide  is  evolved,  as  given  by  the  following 
reaction : 

2HgCl2  +  (NH4)2C204  =  Hg2Cl2  +  2NH4CI  +  2CO2 

The  reaction  can  be  followed  either  by  the  evolution  of  the  gas  or  by 
weighing  the  amount  of  the  precipitate  formed.  The  reaction  involves 
a  long  chain,  so  that  large  effects  are  produced  for  small  amounts  of  light. 
The  reaction,  however,  is  very  complex.  It  involves  an  induction  period 
and  is  very  sensitive  to  numerous  inhibitors  and  catalysts.  It  has  been 
used  sometimes  as  an  actinometer,  but  it  is  too  erratic  and  too  subject  to 
catalytic  effects  to  be  recommended  for  this  purpose. 

The  kinetics  of  a  similar  reaction  between  potassium  oxalate  and 
mercuric  chloride  has  been  thoroughly  investigated  by  Roseveare  and 
Olson  (45).  The  reactions  can  be  sensitized  to  the  longer  wave-lengths 
of  light  by  the  addition  of  dyes,  such  as  eosin  and  various  ions. 

Fulgides. — Certain  substances  possess  the  property  of  changing 
temporarily  their  color  when  exposed  to  light.  This  phenomenon  is 
called  phototropy.  Prominent  in  this  group  of  substances  are  the 
fulgides,  which  are  derivatives  of  the  compound: 

CHi=C— COv 

I        >o 

CH2=C— CO/ 

When  three  phenyl  groups  are  substituted  for  hydrogen,  a  yellow  powder 
is  produced,  which  turns  brown  on  exposure  to  blue  light  and  reverts  to 
yellow  when  placed  in  the  dark  (49).     The  changes  are  reversible,  but 
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after  many  alternate  exposures  to  light  the  sensitivity  to  this  phototropy 
becomes  less. 

Fumaric  and  Maleic  Acid  Isomerization. — The  well-known  isomeriza- 
tion  reactions  of  fumaric  and  maleic  acids  may  be  represented  by  the 
equation : 

H— C— COOH  H— C— COOH 

HOOC— C— H  ^     H— C— COOH 

Fumaric  acid  Maleic  acid 

With  ultra-violet  light  between  2000  and  2800  A,  fumaric  acid  is  con- 
verted into  maleic  acid  with  a  quantum  efficiency  of  about  0.1.  Maleic 
acid  is  converted  into  fumaric  with  still  less  efficiency — about  0.03  mole- 
cule per  quantum  on  the  average  (53). 

The  low  quantum  yield  in  both  reactions  requires  further  explanation. 
The  energy  available  in  these  short  wave-lengths  is  considerably  greater 
than  that  necessary  to  bring  about  the  simple  isomeric  change.  The 
reaction  should  be  reinvestigated,  particularly  with  reference  to  the 
possibility  of  a  mechanism  involving  the  formation  of  free  radicals. 

On  the  basis  of  these  quantum  yields,  it  can  be  calculated  that  the 
ratio  of  fumaric  to  maleic  acid  should  be  about  1:3  when  the  reactions 
have  reached  a  steady  state  after  long  continued  illumination  at  a  con- 
stant light  intensity.  This  value  agrees  closely  with  the  value  obtained 
experimentally. 

This  isomerization  can  be  effected  also  by  visible  light  in  the  presence 
of  bromine.  Very  likely  the  mechanism  is  different.  In  carbon  tetra- 
chloride solution  the  di-ethyl  ester  of  maleic  acid  is  converted  into  the 
fumarate  ester,  with  a  quantum  yield  of  about  8  at  4360  A  and  4  at 
5460  A  (16). 

Hydrogen  Peroxide. — Hydrogen  peroxide  is  readily  decomposed  by 
ultra-violet  light  at  3130  A  and  below,  producing  water  and  free  oxygen. 
The  course  of  the  reaction  may  be  followed  readily  either  by  the  volume 
of  oxygen  liberated  or  by  titration  with  potassium  permanganate.  The 
photochemical  reaction  is  a  chain  reaction  and  quantum  yields  from  7  to 
80  were  obtained  by  Kornfeld  (29)  and  from  4  to  100  by  AUmand  and 
Style  (1).  These  investigators  reported  a  dependence  of  the  chain  length 
on  concentration  and  wave-length  and  particularly  on  the  light  intensity. 
They  reported  that  the  rate  of  decomposition  varies  inversely  as  the 
square  root  of  the  light  intensity.  The  photolysis  probably  involves 
dissociation  into  ions  according  to  the  reaction : 

H2O2  ^  H+  +  OOH- 
OOH-  =  OH-  +  O 

The  marked  influence  of  pH  on  this  photolysis  supports  the  view  that 
the  OOH-  ion  plays  an  important  part  in  the  photolysis.     F.  O.  Rice 
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(42)  suggested  that  the  reaction  is  strongly  catalyzed  by  dust  particles, 
and  there  is  good  evidence  that  supports  this  view. 

Heidt  (23)  found  that  the  quantum  yield  decreases  as  the  concentra- 
tion of  hydrogen  peroxide  decreases  and  approaches  a  limiting  value 
somewhere  in  the  neighborhood  of  unity.  In  these  experiments  the 
solutions  were  nearly  free  from  dust  particles  and  the  radiation  was  of 
high  intensity,  conditions  that  apparently  lead  to  the  suppression  of  the 
chain  reaction. 

Hydriodic  Acid. — One  of  the  simplest  photochemical  reactions  is  the 
decomposition  of  hydriodic  acid.  Gaseous  hydrogen  iodide  is  transparent 
through  the  visible  region  of  the  spectrum  and  to  3000  A.  At  wave- 
lengths shorter  than  this  it  absorbs  radiation  continuously  without  fine 
structure.  The  energy  of  radiation  at  3000  A  corresponds  to  95,000 
calories  per  mole,  and  this  is  sufficient  to  break  the  hydrogen-iodide  bond 
and  liberate  atoms.  The  atoms  are  thrown  out  with  kinetic  energy, 
depending  on  the  frequency  of  the  light.  Inasmuch  as  this  kinetic  energy 
is  not  subject  to  the  limitations  of  the  quantum  theory,  it  is  possible  for 
all  wave-lengths  to  be  utilized,  thus  giving  a  continuous  absorption. 
Hydrogen  molecules  and  iodine  molecules  are  formed  by  the  combination 
of  atoms.  There  is  little  chance  that  hydrogen  atoms  will  combine  with 
iodine  atoms  to  give  hydriodic  acid,  and  there  is  no  chance  of  a  chain 
reaction.  Hence  the  overall  quantum  yield  is  2  molecules  per  quantum, 
as  given  by  the  following  equations: 

HI  +  Av  =  H  +  I 
H  -1-  HI  =  Ho  +  I 
I  +  I  =  I2 

The  reaction  is  one  of  the  simplest  in  photochemistry,  and  the 
quantum  yield  is  not  affected  by  light  intensity  or  by  concentration. 
It  is  practically  the  same  in  gases  at  low  pressures  (35)  and  at  high 
pressures,  and  even  in  liquid  hydriodic  acid  (9)  or  when  dissolved  in 
liquid  hexane  (54).  This  reaction  has  been  studied  by  several  investi- 
gators. The  hydrogen  iodide  is  placed  in  a  quartz  vessel  and  is  sub- 
mitted to  monochromatic  radiation.  Radiation  of  2536  A  from  a 
mercury-vapor  lamp,  filtered  through  a  mixture  of  chlorine  and  bromine, 
is  satisfactory.  The  reaction  cannot  be  followed  by  pressure  change 
because  there  is  no  change  in  the  number  of  gaseous  molecules.  It  has 
been  followed  by  titrating  the  amount  of  iodine  liberated  after  various 
intervals  of  time.  It  could  be  followed  colorimetrically  by  the  production 
of  iodine. 

Warburg  (51)  found  that  in  this  reaction  the  number  of  molecules  of 
hydriodic  decomposed  per  quantum  was  the  same  at  different  wave- 
lengths, 2070,  2536,  and  2820  A.  The  number  of  molecules  decomposed 
per  erg  of  radiation  varied  considerably.  This  is  taken  as  one  of  the 
experimental  supports  for  the  Einstein  relation  and  the  quantum  theory. 
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Iodine  and  Ferrous  Ion. — In  an  aqueous  solution  of  iron  salt  and 
iodine,  an  equilibrium  is  set  up  in  the  dark  according  to  the  equation: 

2Fe++  +  I2  :e±  2Fe+++  +  21" 

When  such  a  solution  is  exposed  to  visible  light,  a  considerably  different 
equilibrium  point  is  obtained.  In  the  presence  of  light  the  equilibrium 
is  shifted  (43,  27)  so  as  to  give  a  higher  concentration  of  the  ferric  ion. 
The  photochemical  reaction  probably  involves  the  following  equation: 

2Fe++  +  I7  +  Aj'  =  2Fe+++  +  31" 

The  tri-iodide  ion  is  formed  in  solution  when  iodine  is  mixed  with  an  excess 
of  potassium  iodide.     Kistiakowsky  found  a  quantum  yield  of  unity  at 

o 

all  wave-lengths  from  3660  to  5790  A  under  conditions  where  the  reverse 
thermal  reaction  was  negligible. 

Mercury  Vapor. — Mercury  in  the  vapor  state  is  monatomic,  and  when 

o 

the  atoms  of  mercury  absorb  radiation  at  2537  A  from  a  mercury-arc 
lamp  they  become  activated  to  a  high  degree.  The  energy  of  this  activa- 
tion corresponds  to  more  than  110,000  calories  per  mole.  A  great  variety 
of  chemical  reactions  can  be  produced  by  collision  of  gaseous  molecules 
with  these  excited  atoms  of  mercury.  Hydrogen  atoms  are  produced 
when  hydrogen  molecules  are  mixed  with  a  small  amount  of  mercury 
vapor  and  the  mercury  vapor  is  subjected  to  this  light  of  2536  A.  The 
atomic  hydrogen,  in  turn,  can  produce  a  number  of  different  hydrogena- 
tion  reactions.  When  ethylene,  for  example,  is  added  to  this  system, 
hydrogenation,  decomposition,  and  polymerization  all  occur.  A  number 
of  different  decompositions  produced  by  excited  mercury  atoms  have 
been  described  by  Bates  and  Taylor  (3). 

o 

Cadmium  vapor  has  a  resonance  line  at  3262  A,  and  its  atoms  can  be 
excited  in  a  similar  manner  by  this  radiation.  The  energy  available  at 
this  wave-length  is  considerably  smaller,  and  atoms  excited  by  this 
radiation  are  not  able  to  dissociate  hydrogen,  as  is  the  case  with  mer- 
cury (4). 

Monochloro-acetic  Acid  Hydrolysis. — When  an  aqueous  solution  of 
monochloro-acetic  acid  is  subjected  to  ultra-violet  light  of  2536  A,  the 
following  reaction  takes  place: 

CH2CICOOH  +  H2O  =  HOCH2COOH  +  CI-  +  H+ 

The  reaction  goes  on  in  the  dark  also  to  a  slight  extent,  and  it  is  acceler- 
ated by  hydroxyl  ions.  A  quantum  yield  of  practically  one  molecule 
per  photon  is  reported  for  the  reaction  (46).  As  the  reaction  proceeds, 
the  reaction  diminishes  in  velocity  at  constant  input  of  light,  possibly 
because  of  the  increased  acidity  produced  by  the  reaction  itself. 

Nitrogen  Dioxide. — Nitrogen  dioxide  is  a  brown  gas.  At  ordinary 
pressures  it  is  partially  polymerized  to  nitrogen  tetroxide.     Its  absorption 
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spectrum  is  very  complex,  with  many  discrete  lines  and  some  continuous 
spectrum.  In  ultra-violet  light  and  in  the  violet  of  the  visible  spectrum 
nitrogen  dioxide  is  decomposed  by  the  light  that  it  absorbs,  giving  nitric 
oxide  and  oxygen.  As  the  decomposition  proceeds,  nitric  oxide  and 
oxygen  accumulate  and  the  reverse  reaction  takes  place  thermally. 
This  reverse  reaction  involves  a  triple  collision  between  two  nitric  oxide 
molecules  and  one  oxygen  molecule;  accordingly  the  reaction  is  quite 
slow.  For  short  exposures  this  reverse  reaction  can  be  neglected,  particu- 
larly at  the  lower  pressures.  When  nitrogen  pentoxide  gas  is  mixed  with 
nitrogen  dioxide,  the  nitrogen  pentoxide  reacts  immediately  with  the 
nitric  oxide  formed  by  the  photodecomposition  of  the  nitrogen  dioxide, 
producing  more  nitrogen  dioxide.  In  this  way  the  reverse  reaction  of 
nitric  oxide  is  prevented  and  more  accurate  measurements  of  the  photo- 
decomposition  of  nitrogen  dioxide  can  be  obtained  by  determining  the 
amount  of  accumulated  oxygen. 

This  reaction  has  been  investigated  carefully  in  three  different 
laboratories  (13,  25,  37)  and  all  are  in  substantial  agreement. 

A  quantum  yield  of  2,  obtained  with  ultra-violet  Ught  by  extrapolat- 
ing to  pure  nitrogen  dioxide,  is  explained  on  the  basis  of  a  collision  between 
an  activated  molecule  of  nitrogen  dioxide  and  a  second  molecule  to  produce 
two  molecules  of  nitric  oxide  and  one  of  oxygen  as  given  by  the  following 
equations : 

NO2  +  /?v   =   NO2 

NO*  +  NO2  =  2N0  +  O2 
The  asterisk  (*)  indicates  an  excited  molecule. 

o 

The  lower  quantum  yield  of  about  0.5  at  4050  A  is  explained  on  the 
assumption  that  the  energy  of  a  quantum  at  this  wave-length  is  not  quite 
sufficient  to  bring  about  the  chemical  reaction.  Part  of  the  energy  of 
activation  must  come  from  thermal  collisions,  and  not  every  molecule 
that  absorbs  a  photon  contains  sufficient  thermal  energy  to  effect  reac- 
tion. At  4360  A  there  is  no  decomposition,  i.e.,  the  quantum  yield  is 
zero. 

Norrish  (37)  has  studied  the  relation  of  fluorescence  of  nitrogen 
dioxide  to  this  reaction.  At  the  longer  wave-lengths  he  obtained  a 
fluorescence,  but  at  the  shorter  wave-lengths,  where  dissociation  occurs, 
no  fluorescence  is  detectable. 

Nitrogen  Pentoxide. — Nitrogen  pentoxide  absorbs  radiation  below 
3000  A  and  it  is  decomposed  with  a  quantum  efficiency  of  0.6  of  a  molecule 
decomposed  per  quantum  absorbed  (25).  The  decomposition  of  nitrogen 
pentoxide  at  longer  wave-lengths  when  sensitized  by  nitrogen  dioxide 
has  been  explained  in  the  preceding  section.  It  is  clear  that  this  sensi- 
tized reaction  is  really  a  chemical  reaction  of  the  nitrogen  pentoxide 
with  one  of  the  chemical  products  resulting  from  the  photodecomposition 
of  the  nitrogen  dioxide. 
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Nitrate  ion. — When  potassium  nitrate  is  dissolved  in  water  and 
subjected  to  radiation  in  the  short  ultra-violet  region,  nitrite  and  free 
oxygen  are  produced  according  to  the  reaction: 

2NO7  -^  2N0^  +  O2 
The  quantum  yield  depends  on  the  wave-lengths  of  the  light  and  on  the 
pH  of  the  solution.     At  a  pH  of  9.9  Villars  (50)  found  the  following 
values : 


0 

Wave-length,  A 

2540 

2700 

2800 

3130 

3660 

Quantum  yield 

0.30 

0.07 

0.02 

0.01 

0.00 

At  wave-length  2536  A  the  quantum  yield  varied  from  0.05  at  a  pH  of 
6  to  0.3  at  a  pH  of  10  to  14.  At  the  shortest  wave-length  there  is  prob- 
ably enough  energy  available  to  cause  direct  rupture  of  the  nitrate  ion 
into  the  nitrite  ion  and  atomic  oxygen.  At  the  longest  wave-length 
the  energy  is  insufficient  for  this  process.  The  strong  dependence  on  the 
pH  of  the  solution  indicates  that  the  reaction  is  more  complicated  than 
given  by  the  simple  decomposition  of  the  nitrite  ion.  The  low  quantum 
yield,  less  than  unity,  can  be  attributed  to  loss  of  energy  by  collision  to  the 
surrounding  solvent  or  to  loss  of  energy  in  vibration  of  the  atoms  in  the 
ion,  but  it  may  be  due  to  the  existence  of  more  complex  reactions. 

Oxidation  of  Ions  hy  Dissolved  Oxygen. — The  oxidation  of  an  aqueous 
solution  of  sodium  sulfite  by  dissolved  oxygen  is  typical  of  a  large  group 
of  reactions.  It  is  strongly  inhibited  by  small  traces  of  organic  material, 
such  as  hydroquinone,  benzaldehyde,  and  similar  substances.  This 
marked  inhibition  is  characteristic  of  chain  reactions.  That  the  oxidation 
of  sodium  sulfite  by  dissolved  oxygen  is  a  chain  reaction  was  demonstrated 
by  Biickstrom   (2),  who  found  that  about  50,000  molecules  react  per 

o 

quantum  of  radiation  at  2536  A. 

The  auto-oxidation  of  stannous  chloride  is  a  similar  reaction;  both 
the  large  quantum  yield  and  the  marked  inhibition  by  various  substances 
show  the  reaction  to  be  a  chain  reaction.  The  reaction  was  studied  in 
aqueous  and  in  nonaqueous  solutions  by  Haring  and  Walton  (20,  21). 
The  complex  ion  produced  by  the  union  of  stannous  chloride  and  hydro- 
chloric acid  absorbs  ultra-violet  light  and  in  the  presence  of  dissolved 
oxygen  is  changed  over  into  stannic  chloride.  The  reactions  in  water  are 
somewhat  complicated  by  hydrolysis,  but  similar  results  are  obtained  in 
nonaqueous  solvents  in  which  no  hydrolysis  can  take  place.  Rough 
measurements  of  the  quantum  yield  showed  that  many  molecules  react 
for  each  photon  absorbed. 

Picric  acid  was  found  to  be  one  of  the  most  powerful  inhibitors.  In 
Hcetic  acid  solvent,  for  example,  one  millimole  of  stannous  chloride  was 
oxidized  in  2  min.,  whereas,  with  0.02  gram  of  picric  acid  present,  less 
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than  0.01  of  a  millimole  was  oxidized  in  20  min.  Metadinitrobenzene, 
paranitrotoluene,  and  various  other  substances  were  found  to  be  inhibitors. 
Phenol  urea  was  found  to  be  an  accelerator.  These  various  substances 
act  as  inhibitors  not  only  for  the  photochemical  reaction,  but  also  for  the 
thermal  reactions.  The  close  parallelism  shows  that  the  thermal  reaction 
as  well  as  the  photochemical  reaction  is  a  chain  reaction. 

Oxalic  Acid  Sensitized  hy  Uranyl  Ion. — The  investigation  of  this 
reaction  by  Leighton  and  Forbes  (34)  gives  perhaps  the  most  precise 
photochemical  measurements  described  in  the  literature.  Earlier  work 
on  this  reaction  was  unsatisfactory,  and  wide  discrepancies  in  the  results 
of  different  investigators  were  apparent.  In  this  investigation  mono- 
chromatic light  from  a  mercury-vapor  lamp  and  a  monochromator  was 
passed  through  a  quartz  cell  and  the  absolute  energies  were  measured 
with  a  thermopile  and  galvanometer  standardized  against  a  standard 
lamp  of  the  Bureau  of  Standards.  Several  corrections  are  described  in 
detail. 

Oxalic  acid  is  decomposed  by  very  short  ultra-violet  light,  but  it  is 
not  decomposed  by  the  longer  ultra-violet  light  or  by  visible  light. 
However,  in  the  presence  of  the  uranyl  ion,  this  light  does  cause  oxalic 
acid  to  decompose  into  carbon  dioxide,  carbon  monoxide,  and  water. 
The  oxalic  acid  is  titrated  with  dilute  potassium  permanganate.  The 
uranyl  salts  are  strongly  fluorescent  in  ultra-violet  light.  It  is  likely  that 
a  complex  is  formed  between  the  oxalic  acid  and  the  uranyl  ion,  which 
absorbs  the  light  and  causes  disruption  of  the  oxaUc  acid  molecule.  The 
uranyl  ions  are  not  affected  by  the  reaction  and  can  be  used  over  again 
in  the  decomposition  of  an  indefinite  amount  of  oxalic  acid. 

Using  a  solution  0.01  molal  in  uranyl  sulfate  and  0.05  molal  in  oxaHc 
acid  at  25°  C,  the  following  quantum  yields  were  obtained  at  different 
wave-lengths : 


Wave-length,  A  . 

2550 

2650 

3000 

3130 

3660 

4060 

4350 

Quantum  yield .  . 

0.60 

0.60 

0.57 

0.56 

0.49 

0.56 

0  58 

The  temperature  effect  for  a  10°  rise  is  1.03. 

For  the  shorter  ultra-violet  Hght,  it  has  been  found  (17)  that  a  ten- 
fold dilution  of  this  solution  gives  better  results,  and  the  quantum  yield 
is  not  changed  by  the  dilution.  For  practical  use  it  is  found  that  the 
uranyl  oxalate  is  easier  to  purify  than  the  uranyl  salt  and  the  oxalic  acid. 

This  reaction  is  probably  the  best  for  general  use  in  actinometry. 
The  quantum  yield  is  accurately  known  to  a  very  few  hundredths  of  a  unit 
and  it  is  independent  of  concentration  over  wide  range ;  it  is  only  slightly 
dependent  on  wave-length  and  on  temperature.  It  is  reproducible  and  is 
free  from  the  erratic  variations  that  frequently  accompany  chain  reac- 
tions.    Investigators  in  different  laboratories  have  obtained  excellent 
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checks.  Furthermore,  it  has  already  been  used  in  many  researches  as  an 
actinometer,  and  it  is  generally  accepted  as  perhaps  the  best  standard. 
Although  accurate  only  for  monochromatic  light,  this  reacting  system  can 
be  used  with  certain  definite  limitations  as  an  actinometer  for  poly- 
chromatic light  (34). 

Ozone. — Oxygen  is  partially  converted  into  ozone  by  ultra-violet 
light  of  short  wave-length— below  2000  A.  The  absorption  spectrum  of 
oxygen  in  this  region  is  discontinuous,  and  it  is  likely  that  the  absorption 
of  a  photon  produces  an  activated  molecule,  which  then  collides  with  a 
second  molecule,  producing  two  atoms  of  oxygen  and  one  molecule  of 
oxygen.  Each  of  these  oxygen  atoms  can  then  combine  with  an  oxygen 
molecule,  resulting  in  the  formation  of  two  molecules  of  ozone.  If  this 
is  the  process,  the  corresponding  equations  would  be: 

O2  +  /iv  =  O2* 
O2*  +  O2  =  O2  +  0  +  O 
0  +  02  =  03 
and  two  molecules  of   ozone   should  be  produced  for  each  quantum 
absorbed.     Working  at  high  pressures,  50  to  300  atmospheres,  War- 
burg (52)  found  a  quantum  yield  approaching  2  but  ranging  from  2.06  to 
1.3,   depending  on  the  pressure.     Although  the  oxygen  is  much  less 
absorbing  at  the  longer  wave-lengths,  there  is  still  some  production  of 
ozone  by  ultra-violet  light  at  2536  A.     Short  ultra-violet  light  from  the 
sun's  rays  is  absorbed  by  the  air  long  before  it  reaches  the  surface  of  the 
earth  and  practically  no  ozone  is  produced  directly  from  sunlight  at  sea 
level.     In  the  stratosphere,  however,  considerable  amounts  of  ozone  are 
found. 

Ozone  itself  absorbs  hght  between  2300  and  2800  A  and  also  in  the 
red  end  of  the  visible  spectrum.  It  is  decomposed  by  the  ultra-violet 
light  which  it  absorbs  with  a  quantum  yield  of  3.5  in  pure  ozone  at 
15°C.  (47). 

When  oxygen  is  radiated  with  polychromatic  light  containing  both 
the  short  ultra-violet  and  the  longer  ultra-violet,  an  equilibrium  is  set  up, 
ozone  being  formed  and  decomposed.  A  steady  state  is  soon  reached  at 
which  the  ozone  is  decomposed  as  fast  as  it  is  formed.  The  concentration 
of  ozone  at  this  steady  state  depends  on  the  relative  intensities  of  the 
longer  and  shorter  ultra-violet.  Quite  frequently  the  smell  of  ozone  is 
detected  around  a  freshly  started  mercury-vapor  lamp  but  after  the  lamp 
becomes  heated  the  ozone  is  largely  destroyed. 

Ozone  can  be  decomposed  also  by  light  that  it  does  not  absorb, 
provided  a  suitable  photosensitizer  is  added.  Light  of  4360  and  4060  A 
passed  into  a  mixture  of  chlorine  and  ozone  decomposes  two  molecules  of 
ozone  for  each  quantum  absorbed.  This  photochemical  yield  is  prac- 
tically independent  of  the  ozone  concentration  over  a  tenfold  range  from 
0.5  to  5  per  cent  and  it  is  only  slightly  affected  by  temperature,  but  the 
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quantum  yield  is  considerably  reduced  by  collisions  with  foreign  gases. 
The  effect  of  these  foreign  gases  is  rather  specific,  helium  producing  a 
considerable  effect. 

The  photolysis  of  ozone  is  exceedingly  complex,  and  in  spite  of  a  con- 
siderable amount  of  work  in  various  laboratories  (24)  the  reaction  is  not 
yet  satisfactorily  understood.  In  the  presence  of  water  vapor  (18)  the 
quantum  yield  ranges  from  1.6  to  130,  indicating  a  chain  mechanism. 
The  quantum  yield  varies  inversely  as  a  fixed  power  of  the  light  intensity. 

Persulfate  Ion. — When  potassium  persulfate  is  dissolved  in  water  and 
subjected  to  ultra-violet  light  between  2536  and  3020  A,  oxygen  is  pro- 
duced and  the  persulfate  ion  is  changed  to  sulfate  ion  according  to  the 
following  reaction: 

S2O"  +  H2O  +  Av  =  2SO7-  +  2H+  +  1^02 

A  quantum  yield  of  unity  was  found  for  this  reaction  (11).  In  the 
presence  of  potassium  chloride  or  mercuric  chloride  it  dropped  to  0.7  of  a 
molecule  per  quantum.  The  work  was  carried  out  with  a  thermopile 
and  monochromator,  using  a  quartz  capillary  lamp  provided  with  a 
magnetic  field  designed  to  extend  the  life  of  the  lamp. 
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INTRODUCTION 

A  substance  is  said  to  exist  in  the  colloidal  state  when,  because  of  the 
large  size  of  the  molecules,  or  aggregates  of  molecules,  it  is  unable  to 
diffuse  through  certain  membranes.  When  the  internal  or  dispersed 
phase  is  solid  and  the  external  or  continuous  phase  is  liquid,  the  colloid 
is  called  a  suspensoid.  When  the  dispersed  phase  is  liquid  and  the  con- 
tinuous phase  liquid,  it  is  an  emulsoid.  Generally  speaking,  most  natural 
colloids  are  emulsoids  and  most  artificial  colloids  are  suspensoids. 

The  two  great  classes  of  colloids,  emulsoids  and  suspensoids,  differ 
in  the  state  of  the  internal  or  dispersed  phase,  liquid  in  the  former  and 
sohd  in  the  latter.  They  differ  also  in  the  affinity  of  the  internal  phase 
for  water,  the  external  phase.  Emulsoids  are  lyophile  or  hydrated 
colloids,  and  suspensoids  are,  in  general,  lyophobe  or  nonhydrated. 
Metallic  hydroxides  can  combine  more  or  less  with  water  and,  though 
classed  as  suspensoids,  are  more  like  emulsoids  in  many  respects.  This 
difference  in  hydration  brings  about  differences  in  stability.  Suspensoids 
are  precipitated  by  the  addition  of  small  amounts  of  electrolytes  carrying 
the  opposite  charge,  whereas  emulsoids  are  precipitated  only  by  large 
amounts  of  salts.  Suspensoids  are  stable  in  solution  only  when  charged 
and  fall  out  of  solution  when  they  lose  their  charge.  Some  emulsoids 
(globulins)  precipitate  when  uncharged  and  others  (albumins)  stay  in 
solution  even  when  their  charge  is  lost.  Although  it  is  possible  to  prepare 
some  suspensoids  with  either  a  positive  or  negative  charge,  suspensoids 
in  general  carry  a  charge  of  definite  sign  depending  on  the  material  of  the 
dispersed  phase.  Emulsoids  carry  either  a  positive  or  negative  charge 
depending  on  the  hydrogen  ion  concentration  of  the  medium. 

Proteins  are  in  many  respects  the  most  important  members  of  the 
emulsoid  class.     The  chemical  behavior  of  proteins  in  solution  does  not 
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differ  from  that  of  crystalloids,  for  it  has  been  shown  that  proteins  com- 
bine stoichiometrically  {i.e.,  by  the  purely  chemical  forces  of  primary 
valency)  with  acids  and  alkalies,  forming  protein  salts  which  dissociate 
electrolytically.  The  colloidal  nature  of  the  proteins  is  attributed  to  the 
large  size  of  their  ions  which  enables  them  to  fulfill  the  conditions  neces- 
sary for  the  establishment  of  a  Donnan  equilibrium,  namely,  that  the 
protein  ion  is  prevented  from  diffusing  through  membranes  which  are 
permeable  to  the  smaller  crystalloidal  ions.  Proteins  are  formed  by  the 
condensation  of  a  number  of  molecules  of  various  amino  acids,  and  amino 
acids,  by  virtue  of  their  amino  and  carboxyl  groups,  react  with  either 
acids  or  bases  to  form  salts  {i.e.,  they  are  amphoteric  electrolytes).  The 
salts  formed  with  a  base  (for  instance  NaOH)  dissociate  to  give  a  posi- 
tively charged  sodium  ion  and  a  negatively  charged  protein  ion.  The 
salts  formed  with  an  acid,  such  as  HCl,  dissociate  to  form  a  negatively 
charged  chlorine  ion  and  a  positively  charged  protein  ion.  Therefore  at 
a  certain  hydrogen  ion  concentration,  called  the  isoelectric  point,  protein 
molecules  exist  uncharged,  but  on  the  alkaline  side  of  the  isoelectric  point 
they  carry  a  negative  charge  and  on  the  acid  side  a  positive  charge. 
The  isoelectric  points  of  some  proteins  are  given  in  Table  1. 

Table  1 

pH,  Isoelectric 

Protein  •  point 

Glutenin 4 .  45 

Serum  albumin 4.7 

Casein 4.7 

Gelatin 4.7 

Egg  albumin 4.8 

Fibrinogen 5.0 

Serum  globulin 5.4 

Oxyhemoglobin 6 .  74 

Gliadin 9.0 

The  osmotic  pressure,  viscosity,  and  swelling  of  proteins  are  lowest 
at  the  isoelectric  point  and  their  stability  in  water  solution  is  least  at  this 
hydrogen  ion  concentration. 

Some  proteins  (globulins)  lose  their  water  of  hydration  and  precipitate 
spontaneously  at  the  isoelectric  point.  Other  proteins  (albumins)  retain 
their  water  of  hydration  and  stay  in  solution  even  at  the  isoelectric  point 
where  they  are  uncharged.  The  difference  between  an  albumin  and  a 
globulin  is  therefore  fundamentally  a  difference  in  affinity  for  water. 
Globulins  are  hydrated  only  when  charged,  and  even  when  charged,  they 
have  a  lower  affinity  for  water  than  albumins,  for  they  are  more  easily 
precipitated  by  salts. 

The  following  definitions  for  the  various  changes  produced  in  the 
state  of  a  protein  are  given  by  Lewis  (36) .  Crystallization  is  the  precipita- 
tion in  solid  crystalline  form  of  undenatured  protein.     Denaturation  is  a 
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change  which  the  natural  protein  is  capable  of  undergoing  and  is  a  definite 
step  in  the  transition  of  the  natural,  crystallizable  protein  molecules  to 
the  amorphous  state  represented  by  flocculation.  This  change  may  be 
brought  about  by  various  agencies,  one  of  which  is  heat.  Heat  denatura- 
tion  is  a  change  in  the  protein  molecule  brought  about  only  in  the  presence 
of  water.  It  is  unimolecular  in  nature  and  appears  to  be  associated 
with  some  internal  physical  or  chemical  change  within  the  structure  of 
each  protein  unit  and  is  generally  regarded  as  being  of  an  irreversible 
nature,  although  recent  work  (1,  2,  37,  38)  states  that  it  may  be  reversible 
under  certain  conditions.  The  denaturation  produced  by  radiation  is 
apparently  different  from  heat  denaturation  in  some  respects,  but  all 
types  of  denaturation  produce  similar  changes  in  the  solubility  of  proteins. 
A  denatured  albumin  has  the  solubility  characteristic  of  a  globulin,  as 
it  no  longer  stays  in  solution  at  the  isoelectric  point  and  precipitates 
more  readily  with  salts.  Flocculation  is  the  precipitation  of  protein  in 
the  neighborhood  of  the  isoelectric  point  in  an  amorphous  form.  A 
distinction  should  be  made  between  true  flocculation  (chain  formation 
produced  by  addition  of  successive  protein  units)  at  or  near  the  isoelectric 
point  and  the  precipitation  of  a  protein  salt  in  amorphous  form  at  a  pH 
removed  from  the  isoelectric  point.  In  an  albumin,  flocculation  is  possi- 
ble only  provided  the  original  protein  has  suffered  the  change  known  as 
denaturation.  The  two  consecutive  changes,  denaturation  plus  floccula- 
tion, are  referred  to  as  coagulation. 

ABSORPTION  OF  RADIANT  ENERGY  BY  PROTEINS 

In  considering  the  effect  of  radiation  on  proteins  it  must  be  remem- 
bered that  radiant  energy  produces  changes  only  when  energy  is  absorbed. 

Ultra-violet  Radiation. — The  absorption  of  ultra-violet  radiation  by 
protein  solutions  has  been  studied  by  many  investigators.  Lewis  (34,  35) 
found  the  absorption  of  blood  serum  in  the  ultra-violet  region  to  be  due 
to  the  proteins.  Serum  albumin,  pseudoglobulin,  and  euglobulin  from 
horse  and  human  serum  gave  similar  curves,  although  the  absorption  of 
globulins  was  greater  than  that  of  albumins.  They  all  begin  to  absorb 
at  approximately  3100  A.  The  absorption  increases  to  a  maximum  at 
2800  A,  falls  to  a  minimum  at  2500  A,  and  then  rises  sharply  for  shorter 
wave-lengths.  Smith  (45)  gave  similar  results,  which  are  shown  in  Fig. 
1.  He  found  the  extinction  coefficient  of  globulin  to  be  twice  as  great 
as  that  of  albumin  at  X  2800  A  and  the  values  for  horse  and  human  serum 
proteins  to  be  the  same.  He  also  examined  the  absorption  of  a  number 
of  the  constituent  amino  acids  of  the  serum  proteins  and  found  the  same 
absorption  maximum  and  minimum  in  tyrosin  and  tryptophan,  a  point 
previously  noted  by  Dhere  (13).  He  therefore  attributed  the  absorption 
of  serum  proteins  largely  to  these  amino  acids.  The  exact  values  given 
by  different  authors  for  the  extinction  coefficients  of  serum  albumin  and 
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serum  globulin  differ  (56),  owing  probably  to  the  method  of  preparing  the 
proteins  and  their  purity.  The  values  for  the  absorption  maximum  and 
minimum  given  by  different  authors  are  listed  in  Table  2. 
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Egg  albumin  was  found  to  have  an  absorption  curve  similar  to  that 
of  serum  albumin  (3,  34,  35,  55).  Lewis  (34,  35)  remarks  that  the  close 
similarity  in  form  of  all  the  curves  when  corrected  to  a  common  ampli- 


Table  2 

Author 

Protein 

Absorption 
max.,  A 

Absorption 
min.,  A 

Lewis 

Human  serum  albumin 
Human  serum  globulin 
Horse  serum  albumin 
Horse  serum  globulin 
Horse  serum  albumin 
Horse  serum  pseudoglobulin 
Human  serum  albumin 
Human  serum  pseudoglobulin 
Egg  albumin 
Horse  serum  albumin 
Horse  serum  globulin 

2800 

2790 

2780 
2780 
2850 

Smith       

2500 

Svedberg  and  Nichols  (55) . 
Svedberg  and  Sjorgren  (56). 

2520 

2500 
2500 
2550 
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tude,  and  the  fact  that  the  amphtudes  are  all  nearly  simple  multiples  of  a 
common  factor,  point  to  a  similarity  of  constitution  among  these  proteins 
and  to  a  variable  "concentration"  of  the  active  group. 

X-rays  and  Radium  Rays. — The  absorption  of  X-rays  and  gamma 
rays  has  been  discussed  in  a  previous  paper  and  will  be  mentioned  only 
briefly  here.  The  absorption  coefficient  ^  divided  by  the  density  p  of 
the  absorbing  screen  =  /z/p  =  the  mass  absorption  coefficient.  Dense 
substances  are  more  absorptive,  mass  for  mass,  than  light  substances 
and  m/p  increases  rapidly  with  the  atomic  weight  of  the  absorbing  mate- 
rial.    This  increase  is  more  noticeable  with  hard  rays  than  with  soft. 

No  experiments  have  been  carried  out  on  the  mass  absorption  coeffi- 
cients of  the  various  constituents  of  tissue,  such  as  proteins,  but  the 
absorption  of  blood  and  serum  as  a  whole  is  not  very  different  from  that 
of  water. 

The  beta  rays  of  radium  are  more  easily  absorbed  than  X-rays  and 
gamma  rays.  Their  penetrating  power  depends  on  the  velocity  of  the 
rays  and  the  density  of  the  medium.  The  heavier  alpha  particles  are 
absorbed  more  easily  than  beta  rays. 

Ionization  Due  to  Absorption  of  Radiant  Energy. — The  alpha,  beta,  and 
gamma  rays  of  radium  and  X-rays  all  ionize  matter  through  which  they 
pass.  Owing  to  their  rapid  absorption,  alpha  rays  produce  intense 
ionization  in  a  limited  depth  of  material.  The  ionization  produced  by 
the  more  penetrating  beta  rays  is  less  dense  and  less  concentrated. 
X-rays  and  gamma  rays  are  so  penetrating  that  little  energy  is  absorbed 
by  matter  through  which  they  pass  so  that  they  produce  relatively  little 
ionization  and  the  ions  formed  are  more  widely  separated. 

The  ionization  of  atoms  and  molecules,  as  the  result  of  the  absorption 
of  ultra-violet  and  visible  radiation,  is  called  the  photoelectric  efTect. 
The  majority  of  solids  show  this  effect  for  wave-lengths  shorter  than 
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about  3000  A,  although  the  threshold  varies  from  element  to  element. 
No  liquids,  either  organic  or  inorganic,  have  been  found  to  show  a  genuine 
photoelectric  effect  with  radiation  longer  than  1700  A  except  solutions  of 
ferrocyanide  salts.  Water  shows  only  a  very  weak  photoelectric  effect 
even  at  these  very  short  wave-lengths.  Photoelectric  effects  from  organic 
liquids  are  usually  due  to  solid  films  or  colloidal  particles  on  the  surface, 
but  apparently  nothing  definite  is  known  in  regard  to  the  photoelectric 
effect  from  colloidal  solutions  such  as  proteins. 

When  atoms  and  molecules  absorb  energy  from  wave-lengths  too  long 
to  produce  ionization  or  decomposition,  they  may  become  "activated" 
and  this  activated  state  favors  chemical  reactions,  such  as  oxidations  and 
reductions,  and  frequently  brings  about  isomeric  changes  and  polymeriza- 
tion of  molecules. 

There  is  also  evidence  of  increased  conductivity  in  some  liquids 
absorbing  ultra-violet  radiation  (15)  which  may  be  due  to  the  formation 
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of  heavy  ions  such  as  would  result  from  the  breaking  up  of  molecules 
rather  than  from  the  emission  of  electrons. 

EFFECT  OF  RADIATION  ON  SUSPENSOIDS 

Before  taking  up  the  effect  of  radiation  on  proteins  it  is  well  to  sum- 
marize briefly  the  effect  on  lyophobe  suspensoids,  and  metallic  hydroxides. 
Crowther  and  Fairbrother  (12)  radiated  Bredig  solutions  of  iron  and 
copper  which  are  positively  charged  suspensoids  and  a  Bredig  solution 
of  silver  and  colloidal  gold,  which  are  negatively  charged,  with  X-rays 
from  a  molybdenum  tube.  The  colloidal  copper  precipitated  on  radiation 
and  the  iron  was  more  easily  precipitated  after  radiation  by  potassium 
chloride.  The  negatively  charged  colloidal  silver  and  gold,  however, 
became  more  dispersed  and  more  stable  after  radiation.  After  exposure 
to  X-rays,  colloidal  gold  did  not  precipitate  on  boiling.  Crowther  found 
that  the  effect  of  beta  rays  on  a  Bredig  solution  of  copper  was  exactly 
the  same  as  that  of  X-rays.  They  concluded  from  these  experiments 
that  X-rays  and  radium  rays  coagulate  positively  charged  suspensoids,  or 
make  them  less  stable,  whereas  they  disperse  negatively  charged  sus- 
pensoids and  make  them  more  stable. 

Nordenson  (41),  on  the  other  hand,  found  that  two  types  of  colloidal 
gold,  prepared  by  different  methods,  one  giving  positively  charged 
particles  and  the  other  negatively  charged  particles,  showed  aggregation 
under  ultra-violet  radiation  and  that  there  was  a  similar  though  less 
marked  effect  with  beta  rays.  He  concluded  that  radiation  has  a  slow 
coagulating  effect  on  metallic  colloids  like  that  of  weak  electrolytes, 
and  that  the  effect  is  independent  of  the  charge  on  the  particle.  The 
aggregation  was  accompanied  by  a  decrease  in  the  charge,  whether  posi- 
tive or  negative,  which  he  attributed  to  the  absorption  of  H+  or  0H~  ions 
formed  in  the  solvent  by  the  radiation. 

Fairbrother  (16)  and  Crowther  (11)  studied  the  effect  of  X-rays 
and  the  beta  rays  of  radium  on  eerie  hydroxide.  This  solution  shows 
changes  in  viscosity  on  radiation.  When  exposed  in  low  concentrations 
the  viscosity  decreases  to  a  minimum  and  then  increases  with  final 
setting  to  a  gel.  In  sols  of  higher  concentration  there  is  such  a  rapid 
gel  formation  that  the  initial  decrease  in  viscosity  is  masked.  If  the  sol 
is  radiated  to  the  point  of  minimum  viscosity,  it  will  then  set  without 
further  radiation,  although  very  slowly,  whereas  it  sets  rapidly  with  con- 
tinued radiation.  The  initial  decrease  in  viscosity  is  supposed  to  be  due 
to  discharge  of  the  positively  charged  colloid,  and  the  subsequent  rise  in 
viscosity  to  aggregation  of  the  discharged  colloidal  particles.  In  compar- 
ing the  effect  of  beta  rays  and  X-rays  there  was  numerical  equivalence 
between  the  effect  of  the  two  types  of  radiation  as  far  as  the  discharge  of 
the  particles  and  decrease  in  viscosity  were  concerned,  but  the  aggregation 
and  rise  in  viscosity  were  more  rapid  under  beta  radiation.     He  found, 
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by  calculation,  that  the  loss  of  charge  of  the  colloidal  particles  is  propor- 
tional to  the  energy  absorbed  in  the  sol  as  a  whole  for  both  beta  rays  and 
X-rays.  For  equal  absorption  of  the  sol  as  a  whole  the  absorption  of 
X-rays  by  the  colloidal  particles,  in  the  case  of  both  eerie  hydroxide 
sol  and  colloidal  copper,  will  be  greater  than  for  beta  rays.  The  mass 
coefficient  of  X-ray  absorption  for  copper  and  cerium  is  about  40  times 
that  of  water  and  for  beta  radiation  about  twice  that  of  water.  Since 
the  effect  is  the  same  for  the  two  types  of  radiation,  this  indicates  that 
the  discharge  of  the  colloid  is  due  to  ionization  of  the  solvent,  not  to 
ionization  of  the  colloidal  particles.  The  fact  that  only  positively  charged 
suspensoids  are  coagulated  is  attributed  to  the  mobility  of  the  electrons 
formed  in  the  ionization  of  water.  The  positive  ions  formed  would  be 
too  large  to  penetrate  the  skin  of  solvent  molecules  surrounding  each 
colloidal  particle,  and  discharge  it,  as  could  be  done  by  the  more  mobile 
electrons. 

Similar  effects  are  reported  by  Fernau  and  Wolfgang  (22)  for  both 
eerie  hydroxide  sol  and  ferric  hydroxide  sol.  A  fall  in  viscosity  followed 
by  a  rise  in  viscosity  with  gel  formation  followed  radiation  by  beta  and 
gamma  rays,  or  by  gamma  rays  only,  though  the  effect  was  more  marked 
when  beta  rays  were  present.  In  general,  it  may  be  stated,  therefore, 
that  X-rays  and  radium  rays  will  produce  aggregation  in  positively 
charged  suspensoids,  probably  as  a  result  of  the  discharge  of  the  charged 
particles  by  the  electrons  freed  in  the  ionization  of  the  solvent  (water), 
and  will  disperse  negatively  charged  suspensoids  making  them  more 
stable.  The  effect  of  ultra-violet  radiation  on  suspensoids  is  less  definite. 
The  results  reported  so  far  indicate  a  slow  coagulating  effect  independent 
of  the  charge  on  the  colloid  which  is  attributed  to  the  absorption  of  H+ 
and  0H~  ions  formed  by  ultra-violet  radiation  which  is  not  short  enough 
to  liberate  electrons. 

EFFECT  OF  RADIATION   ON  EMULSOIDS 

Proteins  are  emulsoid  colloids  and  may  be  charged  either  positively 
or  negatively  as  their  charge  is  due  to  ionization  of  the  salts  formed  with 
acids  and  bases.  They  differ  in  their  degree  of  hydration  and  the  dis- 
tinction between  globulins  and  albumins  is  made  on  the  basis  of  solubility. 
Globulins  are  hydrated  only  when  they  are  charged  so  that  salt-free 
globulin  at  the  isoelectric  point  is  nonhydrated  and  precipitates.  Albu- 
mins are  hydrated  independently  of  their  charge  so  that  they  stay  in 
solution  even  at  the  isoelectric  point,  although  at  this  point  they  are  in  a 
condition  of  minimum  hydration.  Globulins  therefore  are  distinguished 
from  albumins  by  their  physical  properties  and  are  defined  as  proteins 
not  soluble  in  water  but  soluble  in  acid,  alkaH,  and  dilute  neutral  salt 
solutions.  This  makes  it  difficult  to  distinguish  between  globulins  and 
denatured  albumins  as  a  denatured  albumin  is  no  longer  soluble  at  the 
isoelectric  point. 
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ULTRA-VIOLET  RADIATION 

Denaturation. — The  effect  of  radiation  on  proteins  has  been  reviewed 
by  Spiegel- Adolf  (49,  50).  The  most  striking  and  important  change 
produced  in  all  proteins,  whether  globulins  or  albumins,  whether  posi- 
tively or  negatively  charged,  is  a  change  in  solubility  or  denaturation. 
Proteins  are  denatured  by  the  wave-lengths  of  ultra-violet  radiation 
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which  they  absorb  {i.e.,  X  shorter  than  3000  A).  Salt-free  albumin 
exposed  to  ultra-violet  radiation  shorter  than  3000  A  shows  no  coagulation 
except  near  the  isoelectric  point,  but  after  radiation  it  flocculates  if 
brought  to  the  isoelectric  point  or  on  dialysis  (10).  Pseudoglobulin 
becomes  less  soluble  and  precipitates  at  the  isoelectric  point  like  a 
euglobulin.  Euglobulin,  after  radiation,  has  a  wider  zone  of  flocculation 
at  the  isoelectric  point.  All  three  types,  after  radiation,  are  more  easily 
thrown  out  of  solution  by  any  precipitating  agent,  such  as  salts  or  alcohol. 
Denaturation,  or  loss  of  affinity  for  water,  occurs  therefore  without 
exception  when  proteins  are  exposed  to  ultra-violet  radiation. 

Radiation  denaturation  has  not  been  studied  in  the  exact  quantitative 
way  that  heat  denaturation  was  studied  by  Chick  and  Martin  (7,  8). 
Results  so  far  indicate  that  radiation  denaturation  and  heat  denaturation, 
though  resulting  in  the  same  solubility  changes  (10),  are  brought  about 
by  a  different  type  of  physicochemical  change.  Under  certain  conditions 
(5,  10)  (at  pH  >  5.4  and  0°C.)  albumin  after  radiation  will  no  longer 
precipitate  on  boiling,  although  it  precipitates  like  a  globulin  on  one-half 
saturation  with  ammonium  sulphate.  Spiegel-Adolf  (50,  53)  states  that 
the  increase  in  absorption  after  radiation,  noted  in  detail  below,  does  not 
occur  after  heat  denaturation  except  for  a  slight  effect  at  wave-lengths 
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shorter  than  2750  A.  Viscosity  and  surface-tension  changes  have  not 
been  compared  after  heat  denaturation  and  radiation  denaturation  in 
many  proteins  but  show  differences  in  the  case  of  egg  albumin  (10). 
The  reversibility  of  heat  coagulation  under  certain  conditions  has  been 
established  and  it  is  stated  by  Spiegel-Adolf  (47,  50)  that  light  denatura- 
tion is  not  reversible.  Heat  denaturation  without  flocculation  does  not 
change  the  osmotic  pressure  of  proteins  (30),  but  no  experiments  have 
been  carried  out  on  the  osmotic  pressure  of  radiated  proteins  and  it  is 
not  known  if  radiation  denaturation  is  a  unimolecular  reaction  like  heat 
denaturation  (7,  8)  or  not.  Heat  denaturation  occurs  only  in  the 
presence  of  water  (7,  8),  but  Stedman  (54)  states  that  proteins  are 
denatured  when  radiated  dry,  an  observation  confirmed  by  unpublished 
observations  of  the  author  on  dried,  crystalline  egg  albumin.  Further 
work  is  necessary  before  definite  conclusions  can  be  drawn,  but  it  seems, 
from  the  scattered  results  so  far  reported,  that  the  physicochemical 
changes  resulting  in  heat  denaturation  and  radiation  denaturation  aFe 
different.     (See  footnote*,  page  319.) 


EFFECT  OF  RADIATION  ON  PROTEINS  311 

Although  a  decrease  in  solubility  is  the  most  widely  investigated, 
and  probably  the  most  important  result  of  radiation,  many  other  changes 
have  been  noted  in  radiated  proteins  which  may  be  associated  with  the 
physicochemical  change  somewhat  loosely  designated  as  denaturation, 
or  may  be  independent  of  it.  These  changes  will  be  mentioned  briefly 
below. 

Odor. — During  irradiation  proteins  acquire  a  characteristic,  rather 
unpleasant,  burnt  odor  similar  to  that  produced  on  exposing  the  skin 
to  an  ultra-^'iolet  arc.  In  the  case  of  egg  albumin  it  is  independent  of 
the  purity  being  just  as  evident  in  material  recrystallized  five  times  as 
in  a  crude  preparation.  Mond  (39,  40)  found  purified  serum  albumin 
developed  less  smell  than  pure  egg  albumin.  When  dried  crystalline 
egg  albumin  is  exposed  to  an  ultra-violet  arc,  there  is  no  odor  until  the 
radiated  material  is  dissolved  in  water. 

Color. — All  proteins,  whether  dry  or  in  solution,  become  more  or  less 
yellow  under  radiation.  The  color  change  seems  to  parallel  the  produc- 
tion of  an  odor  and  the  two  occur  under  the  same  conditions. 

Optical  Rotation. — Many  authors  have  noted  the  fact  that  proteins 
show  definite  increases  in  levorotation  after  radiation.  Both  Chalupecky 
(6)  and  Young  (63)  reported  this  result  with  egg  albumin.  Stedman 
(54)  found  increases  in  levorotation  in  edestin  in  10  per  cent  NaCl 
and  in  gliadin  in  70  per  cent  alcohol  (see  also  Spiegel- Adolf  (49)). 

Viscosity. — An  increase  in  viscosity  is  marked  after  radiation  in  the 
case  of  globulins  (49),  the  change  being  greater  for  euglobulins  than  for 
pseudoglobulins  and  greater  for  pseudoglobulins  than  for  albumins. 
Young  (63)  noted  a  rise  in  viscosity  in  radiated  egg  albumin  but  Clark  (10) 
failed  to  find  any  at  pH  6.0.  This  has  been  taken  by  some  authors  as 
evidence  of  a  change  in  state  of  aggregation  with  radiation  (39,  40). 

Surface  Tension. — After  radiation  there  is  a  decrease  in  surface  tension 
which,  like  the  increase  in  \iscosity,  is  greatest  in  the  euglobulins  and 
least  in  the  albumins  (49),  although  the  surface-tension  change  is  more 
marked  in  albumins  than  the  viscosity  change  (10). 

Temperature  of  Coagulation. — Chick  and  Martin  (7,  8)  have  pointed 
out  that  the  coagulation  temperature  is  not  a  fixed  property  of  proteins 
and  depends  on  a  variety  of  factors  but  the  temperature  at  which,  under 
similar  conditions,  a  precipitate  is  first  visible  is  lowered  by  radiation 
(4,  44,  54).  That  is,  after  radiation  denaturation,  the  proteins  are  in 
general  more  easily  coagulated  by  heat.  There  are,  however,  special 
cases  where,  after  radiation,  proteins  no  longer  coagulate  on  heating 
(5,  10,  29). 

Hydrogen  Ion  Concentration. — A  number  of  investigators  have  noted 
that  there  is  a  change  in  acidity  after  radiation.  Mond  (39,  40)  and 
Young  (63)  state  that  acid  solutions  become  less  acid  and  solutions  on  the 
alkaline  side  of  the  isoelectric  point  become  more  acid.     Stedman  (54) 
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found  a  decrease  in  the  pH  of  distilled  water  after  radiation  and  concluded 
that  the  change  in  hydrogen  ion  concentration  must  be  due  to  a  change 
in  the  solvent  and  not  in  the  protein  molecule  and  is  probably  due  to 
ionization  of  the  water.  As  ultra-violet  radiation  does  not  liberate 
electrons  from  water,  this  assumes  an  increase  in  electrolytic  dissociation. 

Absorption. — The  characteristic  absorption  bands  of  proteins  in  the 
ultra-violet  region  (34,  35,  45,  56)  were  found  by  Spiegel-Adolf  and 
associates  (28,  47,  48,  51-53)  to  undergo  changes  after  radiation  with 
ultra-violet  Hght.  When  enough  acid  or  alkaU  is  added  to  prevent  the 
visible  coagulation  which  occurs  at  the  isoelectric  point  on  radiation, 
egg  albumin,  serum  albumin,  and  serum  pseudoglobulin  all  show  increased 
absorption  after  radiation,  the  change  being  more  marked  in  albumins 
than  in  globulins.  After  denaturation  with  ultra-violet  radiation 
albumins  and  pseudoglobulins  have  an  extinction  coefficient  characteris- 
tic of  euglobulins  in  addition  to  the  solubility  of  euglobulins.  Spiegel- 
Adolf  notes  that  similar  changes  in  absorption  occur  after  denaturation 
by  radium  but  that  after  heat  denaturation  there  is  no  increase  in  absorp- 
tion  except  a  slight  effect  in  X  <  2750  A. 

Becker  and  Szendro  (3)  measured  the  extinction  coefficient  of  egg 
albumin  and  ox  serum  albumin  after  radiation  in  O2  and  N2.  In  both 
cases  there  was  an  increase  in  absorption.  When  radiated  in  nitrogen, 
the  extinction  coefficient  increased  with  the  maximum  and  minimum 
still  present  at  X  2800  and  X  2500  A  and  the  absorption  limit  was  changed 
from  X  3100  to  X  4000  A.  When  radiated  in  oxygen,  the  increase  in 
absorption  was  more  marked,  the  maximum  and  minimum  disappeared, 
and  there  was  absorption  starting  at  4000  A  and  increasing  steadily 
in  going  to  shorter  wave-lengths  (see  Fig.  2).  Spiegel- Adolf  (48)  also 
noted  the  fact  that  proteins  show  increased  absorption  after  radiation 
in  either  nitrogen  or  oxygen  and  concluded  that  light  denaturation  is 
not  an  oxidation.  The  curves  given  in  Fig.  2,  however,  show  some 
difference  in  the  changes  taking  place  in  oxygen  and  nitrogen. 

It  has  been  suggested  that  the  increased  absorption  in  light-denatured 
albumin  is  due  to  a  change  in  degree  of  dispersion  of  the  protein,  but  as 
increased  absorption  is  also  evident  in  the  ultra-filtrate  from  radiated 
proteins  (especially  when  radiated  in  O2)  it  is  probably  not  due  to  aggre- 
gation alone  but  to  some  more  fundamental  change  in  the  protein 
molecule. 

Fluorescence.— W els  (59,  60)  and  Becker  and  Szendro  (3)  have  shown 
that  after  radiation  there  is  an  increase  in  fluorescence  of  proteins,  the 
fluorescent  radiation  having  a  maximum  at  X  3600  to  3700  A. 

Oxygen  a  Factor. — Harris  (25  to  27)  found  that  plasma  takes  up  oxygen 
during  radiation,  but  the  fact  that  changes  in  solubility  and  extinction 
coefficients  have  been  found  to  take  place  when  proteins  are  radiated  in 
nitrogen  (48)  indicates  that  denaturation  is  not  due  to  an  oxidation.     It 


EFFECT  OF  RADIATION  ON  PROTEINS 


313 


has  been  stated  that  radiated  water  contains  hydrogen  peroxide  which 
may  produce  oxidation  even  when  free  oxygen  is  not  present.  Kernbaum 
(31  to  33)  found  H2O2  in  water  radiated  with  radium,  probably  as  the 
result  of  the  reaction  2H2O  =  H2O2  +  H2.  However,  both  Kernbaum 
and  Tian  (57,  58)  state  that  this  reaction  does  not  take  place  in  water 
as  the  result  of  ultra-violet  radiation  unless  very  short  wave-lengths 
are  used  (probably  shorter  than  1700  A)  and  a  very  long  radiation  is 
given.     Oxidation  as  the  result  of  the  formation  of  hydrogen  peroxide, 
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Fig.  2. — Change  in  absorption  curve  of  egg  albumin  after  ultra-violet  radiation:  (1) 
egg  albumin  unradiated;  (2)  after  radiation  in  O2;  (3)  after  radiation  in  N2.  (After  J.  P. 
Becker  and  P.  Szendro,  PftUgers  Archiv.  Gesam.  Physiol.  228:  755.      1931.) 

therefore,  can  hardly  be  a  factor  in  the  denaturation  of  proteins  by 
ultra-violet  radiation. 


SENSITIZATION    TO   VISIBLE    LIGHT 

Ordinarily  proteins  are  denatured  only  by  radiation  shorter  than 

o 

3000  A.  In  the  presence  of  certain  sensitizers,  however,  proteins  are 
denatured  in  visible  light  in  the  region  of  the  absorption  band  of  the 
sensitizer  (9).  No  investigations  have  been  made  to  determine  whether 
oxygen  is  necessary  for  this  reaction  or  not.  Eosin,  mercurochrome,  and 
a  number  of  other  dyes  act  as  sensitizers.  The  most  active  sensitizer 
in  vivo  is  a -derivative  of  hemin,  hematoporphyrin.  An  animal  into 
which  it  has  been  injected,  when  exposed  to  visible  light,  suffers  from 
extensive  erythema  and  death  may  result,  probably  from  a  fall  in  blood 
pressure  due  to  extensive  capillary  dilatation.  Howell  (29)  sensitized 
fibrinogen  to  visible  light  with  hematoporphyrin  with  very  curious  and 
anomalous  results.  Ultra-violet  radiation  affects  unsensitized  fibrinogen 
like  other  globulins,  making  it  less  soluble.  Dreyer  and  Hansen  (14) 
found  a  rise  in  coagulation  temperature  in  radiated  fibrinogen  and  Mond 
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(39,  40)  found  a  fall.  When  fibrinogen  is  sensitized  with  hematopor- 
phyrin  and  radiated  with  visible  light,  it  becomes  more  soluble  and  after 
radiation  is  not  coagulated  by  thrombin,  does  not  coagulate  on  heating, 
and  does  not  flocculate  on  dialysis.  This  increased  solubility  after 
radiation  is  unique  except  for  the  fact  that  albumin  radiated  at  0°C.,  at 
a  pH  >  5.4,  no  longer  coagulates  on  heating. 

With  these  two  exceptions  it  may  be  stated  in  general  terms  that  all 
proteins  (albumins,  pseudoglobulins,  and  euglobulins)  are  denatured  by 

o 

ultra-violet  radiation  shorter  than  3000  A  at  any  pH,  whether  they  are 
radiated  in  oxygen  or  nitrogen.  After  denaturation  they  flocculate  if 
brought  to  the  isoelectric  point  or  on  dialysis  and  are  more  readily 
precipitated  by  salts,  alcohol  or  heat.  This  denaturation  is  accompanied 
by  an  increase  in  ultra-violet  absorption,  an  increase  in  viscosity,  a 
decrease  in  surface  tension,  an  increase  in  levorotation,  and  by  the  devel- 
opment of  a  characteristic  odor  and  a  yellow  color.  The  decrease  in 
affinity  for  water  and  the  increase  in  absorption  are  more  marked  in 
albumins.  The  increase  in  viscosity  and  decrease  in  surface  tension  are 
more  marked  in  globulins. 

THE    EFFECT    OF   X-RAYS    AND    RADIUM    RAYS    ON    PROTEINS 

Denaturation. — In  the  first  investigation  of  the  effect  of  radium  on 
proteins  Hardy  (24)  found  that  globulin  is  turned  to  a  jelly  only  when 
it  is  negatively  charged.  This  is  apparently  a  direct  effect  on  the  nega- 
tive colloid  produced  by  the  positive  a-particles.  The  effect  of  beta  and 
gamma  rays  is  to  denature  proteins  irrespective  of  their  charge.  Fernau 
(17  to  19)  found  that  serum  albumin  and  egg  albumin  remained  clear 
after  seven  hours'  radiation  but  showed  evidence  of  denaturation  as  they 
were  more  easily  precipitated  by  alcohol  and  the  heat  coagulation  tem- 
perature was  lower.  The  solutions  became  opalescent  after  several 
days'  radiation  and  flocculated  if  radiated  for  still  longer  periods.  Simi- 
lar results  were  obtained  with  pseudoglobulin  solutions.  In  subsequent 
experiments  (21)  the  process  of  denaturation  was  followed  by  covmting 
the  number  of  particles  in  a  Tyndall  cone  of  known  depth  by  means  of 
an  ultramicroscope.  Pseudoglobulin  from  horse  serum  was  exposed  to 
beta  and  gamma  radiation  by  immersing  a  glass  capsule  containing 
78  mg.  of  radium  in  the  solution.  There  was  no  visible  change  in  six 
days,  but  after  an  exposure  of  one  day  there  was  a  marked  increase  in 
the  number  of  particles  counted  under  the  ultramicroscope. 

Wels  (59)  and  Wels  and  Thiele  (62)  used  the  ultramicroscope  to 
follow  the  denaturation  produced  in  proteins  by  exposure  to  X-rays. 
They  radiated  serum  albumin  and  serum  globulin  in  buffer  solutions  on 
both  sides  of  the  isoelectric  point.  In  serum  albumin  the  increase  in 
the  number  of  particles  was  only  marked  at  the  isoelectric  point  and  fell 
off  rapidly  at  a  higher  or  lower  pH.     Globulin  solutions  showed  a  large 
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increase  in  the  number  of  particles  on  both  sides  of  the  isoelectric  point 
so  that  the  formation  of  aggregates  after  radiation  is  independent  of 
the  charge  on  the  particles. 

As  X-rays  and  gamma  rays  are  so  little  absorbed  by  protein  solutions, 
it  requires  days  of  radiation  to  produce  a  measurable  degree  of  denatur- 
ation,  whereas  short  exposures  to  ultra-violet  radiation  will  produce 
a  marked  effect. 

Viscosity,  pH  and  Other  Changes. — Fernau  and  Pauli  (20)  found  that 
protein  solutions  were  more  acid  after  exposure  to  radium.  Wels  (59) 
and  Wels  and  Thiele  (62)  state  that  unbuffered  protein  solutions,  exposed 
to  X-rays,  are  made  more  acid  on  the  alkaline  side  of  the  isoelectric  point 
and  more  alkaline  on  the  acid  side. 

The  viscosity  of  serum  albumin  is  increased  only  at  the  isoelectric 
point  after  exposure  to  X-rays.  Serum  globulin  shows  an  increase  on 
both  sides  of  the  isoelectric  point,  but  it  is  necessary  to  radiate  six  hours 
or  more  to  produce  a  perceptible  change  (38,  59,  62). 

The  results  with  X-rays  and  gamma  rays  are  not  so  extensive  as 
those  reported  with  ultra-violet  radiation,  but  as  far  as  they  go  they 
show  that  the  same  effect  is  produced  by  all  three  types  of  radiation, 
i.e.,  they  all  denature  proteins  and  decrease  their  solubility.  The  small 
absorption  of  X-rays  and  gamma  rays  makes  the  effects  produced  by 
them  less  pronounced  unless  a  very  long  radiation  is  given. 

GENERAL    CONCLUSIONS 

In  regard  to  suspensoids  it  can  be  stated  that  positively  charged 
lyophobe  suspensoids  precipitate  and  positively  charged  lyophile  sus- 
pensoids set  to  a  gel  when  radiated  by  X-rays,  or  by  the  beta  and  gamma 
rays  of  radium. 

Emulsoid  colloids,  such  as  proteins,  are  denatured  by  ultra-violet 
radiation.  The  denaturation  occurs  whether  the  colloid  is  positively 
or  negatively  charged,  whether  it  is  radiated  in  oxygen  or  nitrogen.  As 
far  as  present  results  go,  they  indicate  that  similar  effects  are  produced 
by  X-rays  and  by  beta  and  gamma  rays,  although  only  after  a  prolonged 
radiation  and  possibly  by  an  entirely  different  mechanism.  After 
denaturation,  proteins  flocculate  if  brought  to  the  isoelectric  point  and 
are  more  easily  precipitated  by  salts,  alcohol,  or  heat.  This  decrease 
in  solubility  is  more  marked  in  albumins  as  is  also  the  accompanying 
increase  in  absorption.  Denaturation  is  accompanied,  or  followed  by, 
an  increase  in  viscosity  and  decrease  in  surface  tension  which  are  more 
marked  in  globulins. 

There  is  good  evidence,  in  the  case  of  suspensoids,  for  believing  that 
the  effect  of  X-rays,  beta  rays,  and  gamma  rays  is  primarily  due  to  an 
ionization  of  the  solvent  and  that  subsequent  interaction  of  electrons 
with  the  positively  charged  suspensoid  particles  brings  about  precipi- 
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tation  or  gelation.  The  effect  of  X-rays,  beta  rays,  and  gamma  rays  on 
emulsoids  may  possibly  be  due  to  the  same  cause. 

In  the  case  of  emulsoids  the  fact  that  they  are  denatured  irrespective 
of  their  charge  is  evidence  that  an  ionization  of  the  colloid  is  not  the 
cause  of  denaturation.     As  water  is  not  ionized  except  by  radiation 

o 

shorter  than  1700  A,  denaturation  by  ultra-violet  radiation  is  probably 
not  due  to  an  ionization  of  the  solvent.  Unfortunately  the  sensitivity 
curve  of  proteins  to  monochromatic  ultra-violet  radiation  has  not  been 
investigated.  If  it  were  known  to  be  identical  with  the  absorption 
curve,  one  could  be  certain  that  the  change  produced  by  ultra-violet 
radiation  is  a  change  in  the  protein  molecule  itself  and  not  a  change  in 
the  solvent.  Heat  denaturation  has  been  found  to  be  a  unimolecular 
reaction.  If  radiation  denaturation  is  also  unimolecular,  the  change 
is  not,  primarily,  one  of  molecular  aggregation.  Unfortunately  no 
investigations  have  been  made  on  the  molecular  weight  of  radiated 
albumins  to  see  if,  after  radiation,  at  a  pH  where  visible  aggregation 
does  not  take  place,  the  radiated  albumin  has  the  molecular  weight  as 
well  as  the  solubility  and  absorption  characteristic  of  a  globulin.  The 
aggregation  seen  under  the  ultramicroscope  in  globulins  and  the  floccu- 
lation  at  the  isoelectric  point  in  radiated  albumins  is  not  the  primary 
change  produced  by  radiation  but  a  secondary  change  taking  place 
between  the  denatured  molecules. 

PRIMARY  AND  SECONDARY  LIGHT  REACTIONS 

In  a  primary  light  reaction  a  substance  A  is  changed  to  form  B  on 
the  absorption  of  radiation  and  if  B  is  stable,  the  amount  formed  is  pro- 
portional to  the  energy  absorbed  and  i  X  t  (intensity  X  time)  is  a  con- 
stant. Usually  B  is  unstable.  B  may  revert  to  A  again  with  production 
of  fluorescence.  Or  B  may  react  with  other  substances  present  {i.e., 
B  -}-  C  ^-  D).  In  that  case  the  amount  of  D  formed  is  not  proportional 
to  the  amount  of  energy  absorbed  and  it^  =  const.  In  general  this  is 
the  type  of  reaction  resulting  from  the  absorption  of  radiation.  The 
amount  of  B  formed  may  be  proportional  to  the  radiant  energy  absorbed 
and  independent  of  the  temperature,  but  the  final  product  measured 
(D)  is  not  proportional  to  the  radiant  energy  absorbed  and  is  not  inde- 
pendent of  temperature,  and  the  period  of  time  necessary  for  the  reaction 
of  B  with  C  is  responsible  for  the  latent  period  which  is  such  a  well-known 
characteristic  of  light  reactions. 

The  precipitation  of  negatively  charged  colloids  by  alpha  rays  may 
possibly  be  a  primary  light  reaction,  though  measurements  to  substantiate 
this  are  lacking. 

The  precipitation  or  gelation  of  positively  charged  suspensoids  by 
beta  rays,  gamma  rays,  and  X-rays  is  a  secondary  light  reaction  as  the 
primary  effect  is  apparently  an  ionization  of  the  solvent. 
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The  denaturation  of  proteins  by  radiation  may  be  a  primary  reaction 
per  se.  No  experiments  have  been  carried  out  as  yet  to  settle  this  point. 
Gentner  and  Schwerin  (23),  by  counting  particles  in  a  pseudoglobulin 
solution  under  the  ultramicroscope,  found  that,  as  radiation  time  X  inten- 
sity increased,  the  rate  of  precipitation  increased  somewhat  and  the 
latent  period  decreased  a  great  deal  (see  Fig.  3,  a).  They  found  also 
that  if  two  equal  values  of  radiation  X  intensity  are  compared,  the 
greater  intensity  X  the  shorter  time  resulted  in  a  greater  rate  of  precipita- 
tion and  a  shorter  latent  period  (see  Fig.  3,  h).     Therefore  it^  =  const. 
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Fig.  3. — Number  of  particles  visible  in  the  field  of  the  ultramicroscope  a  given  time 
after  radiation,  a.  (Upper  diagram) :  Number  at  head  of  each  curve  =  product  it  (radiation 
intensity  X  radiation  time) .  h.  (Lower  diagram) :  The  product  ii  =  same  but  in  curve 
1  =  large  intensity  for  a  short  time  and  in  curve  2  =  small  intensity  for  a  long  time. 
(After  Gentner  and  Schwerin  Strahlenth.  37 :  788.      19.30.) 

(p  being  less  than  1  for  the  elTect  of  ultra-violet  light  on  protein  solutions). 
Observations  of  this  type,  however,  measure  the  rate  of  aggregation  of 
the  denatured  protein  particles,  not  the  rate  of  denaturation.  The 
aggregation  is  certainly  a  secondary  hght  reaction,  but  the  denaturation 
itself,  which  precedes  aggregation,  may  be  a  primary  light  reaction. 
Experiments  to  investigate  this  point  are  highly  desirable.  (See  foot- 
note*, page  319.) 

The  nature  of  the  physicochemical  change  taking  place  in  protein 
molecules,  which  results  in  denaturation,  has  not  been  solved.  The 
evidence  so  far  indicates  no  change  in  molecular  size,  the  aggregation 
being  probably  a  secondary  phenomenon.     It  has  been  suggested  (42) 
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that  the  loss  in  sohibiUty  after  radiation  is  due  to  an  internal  tautomeric 
change,  possibly  a  rearrangement  of  peptide  linkages  into  closed-ring 
systems,  which  would  diminish  the  affinity  for  water,  but  one  must  confess 
that  we  are  as  yet  ignorant  of  the  nature  of  the  change  we  speak  of  as 
"  denaturation "  and  the  mechanism  by  means  of  which  it  is  brought 
about. 

RELATION  OF  PROTEIN  DENATURATION  TO  GENERAL  PHYSIOLOGICAL 

LIGHT  REACTIONS 

The  best  known  result  of  radiation  is  the  lethal  action  produced  on 
the  hving  cell.  This  is  probably  due  to  a  combination  of  several  causes, 
one  of  which  is  the  denaturation  and  coagulation  of  the  cell  proteins. 
Changes  in  the  colloids  in  living  cells  are  reversible  and  an  irreversible 
change,  such  as  that  produced  by  radiation  denaturation,  would  bring 
about  the  death  of  the  cell.  The  sensitivity  curve  of  microorganisms  to 
ultra-violet  radiation  has  been  determined  (43,  46)  and  the  similarity 
of  the  curve  to  the  absorption  curve  of  proteins  is  good  evidence  that  the 
absorption  of  radiation  by  cell  proteins  produces  irreversible  changes 
resulting  in  death.  As  proteins  are  denatured  at  any  pH,  the  primary 
radiation  change  always  takes  place.  This  may  be  followed  by  gel 
formation  or  coagulation  if  the  protein  is  at  its  isoelectric  point  or  if 
salts  are  present  in  sufficient  quantity.  Photographs  of  microorganisms 
killed  by  ultra-violet  radiation  show  that  coagulation  has  actually  taken 
place. 

In  the  eye  media  the  cornea  and  lens  are  subject  to  protein  denatura- 
tion in  the  presence  of  ultra-violet  radiation.  The  lens  protein  is  not 
at  its  isoelectric  point  so  that  it  does  not  coagulate  after  radiation  unless 
there  is  an  abnormal  salt  content,  but  it  is  very  possible  that  denaturation 
of  the  lens  protein,  even  without  subsequent  flocculation,  may  affect 
the  normal  nutrition  of  the  lens. 

The  skin  cells  are  killed  by  radiation  (ultra-violet,  X-rays  or  radium) 
and  on  disintegration  liberate  a  substance  which  produces  capillary 
dilatation  and  there  are  probably  extensive  denaturation  and  coagulation 
of  tissue  proteins  leading  to  changes  in  the  permeability  of  cells  and  a 
shift  in  the  water  balance. 

The  rapidly  elTective  ultra-violet  rays  are  so  strongly  absorbed  by 
the  skin  that  little,  if  any,  radiation  reaches  the  blood  stream,  but  X-rays 
and  gamma  rays  penetrate  all  the  tissues  and  the  changes  they  produce 
are  consequently  widespread.  Isolated  serum  proteins  are.  rapidly 
denatured  by  ultra-violet  radiation  and  slowly  denatured  by  X-rays 
and  gamma  rays.  When  radiated  as  they  occur  in  combination  in  the 
serum,  however,  they  show  no  flocculation  and  serum  is  known  to  exercise 
a  protective  action  in  many  radiation  effects.  Red  cells  hemolyze  when 
radiated  in  isotonic  salt  solutions  but  not  when  radiated  in  serum. 
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However,  the  serum  proteins  in  the  blood  of  an  animal  exposed  to  pene- 
trating radiation  may  be  denatured  to  some  extent  and,  although  no 
experimental  evidence  has  been  given  on  this  point,  it  is  probable  that 
denaturation  would  result  in  a  larger  globulin-albumin  ratio  and  this 
in  turn  would  result  in  a  change  in  the  amount  of  bound  water. 

The  fact  that  after  radiation  the  water-binding  capacity  of  proteins 
is  much  diminished  would  lead  to  physiological  changes  throughout  the 
animal  body  and  the  effect  of  radiation  may  be  profound  in  higher 
animals  as  well  as  in  microorganisms.  Fortunately  the  rapidly  effective 
ultra-violet  rays  do  not  penetrate  deeply  enough  to  produce  widespread 
injury. 
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It  is  well  to  preface  a  paper  on  radiant  energy  and  the  vitamins 
with  the  remark  that  the  discussion  will  necessarily  center  on  vitamin  D. 
The  formation  of  the  other  vitamins  does  not  involve  radiant  energy 
except  in  the  indirect  relation  that  green  plants  require  it  for  their  growth, 
and  that  vitamins  are  elaborated  in  abundance  by  plants.  There  is  no 
good  evidence  that  any  vitamin  except  certain  forms  of  vitamin  D  is 
directly  a  photochemical  product,  and  it  is  by  no  means  certain  that  all 
forms  of  vitamin  D  require  radiant  energy  for  their  formation. 

Vitamin  A  probably  never  occurs  in  the  vegetable  kingdom,  Moore 
(60)  demonstrated  that  animals  synthesize  it  from  carotene.  It  is 
true  that  carotene,  or  provitamin  A,  is  a  common  pigment  of  green 
plants,  yet  it  can  also  be  elaborated  by  microorganisms  in  culture  (Bau- 
mann,  Steenbock,  Ingraham,  and  Fred,  5).  The  B  vitamins  are  plentiful 
in  green  plants,  but  even  more  so  in  yeasts  which  grow  in  the  dark. 
Vitamin  C  is  developed  not  only  in  green  plants,  but  in  germinating 
seeds  and  in  the  bodies  of  certain  animals. 

It  seems  that  the  effect  of  radiant  energy  on  the  vitamins  is  mainly 
a  destructive  one.  The  investigations  on  this  subject  are  assembled 
in  the  excellent  monographs  by  Browning  (18),  the  Medical  Research 
Council  (58),  and  Laurens  (52).  Since  all  vitamins  are  comparatively 
unstable  substances,  they  are  more  or  less  subject  to  destruction  by  radia- 
tions, particularly  by  ultra-violet  rays  and  the  ozone  frequently  associated 
therewith.  Inasmuch  as  most  experimental  work  has  been  conducted 
with  crude  edible  products  in  which  the  vitamins  comprised  only  a  trace 
of  the  total,  very  little  indeed  can  be  said  regarding  the  stability  of  the 
vitamins  per  se  toward  radiant  energy.  It  is,  however,  a  point  of  prac- 
tical significance  that  in  the  momentary  exposure  to  ultra-violet  rays 
which  is  required  to  endow  foodstuffs  such  as  milk  with  vitamin  D,  no 
appreciable  destruction  of  the  other  vitamins  is  evident. 

The  researches  of  the  past  decade  which  culminated  in  the  activation 
of  ergosterol  were,  in  a  sense,  a  bringing  together  of  old  observations 
on  the  therapeutic  value  of  fish  oils  and  of  light.     In  brief,  they  have 
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shown  that  ultra-violet  rays,  acting  on  the  sterol-bearing  fats  of  the  skin, 
produce  a  form  of  vitamin  D  which  is  similar  in  antirachitic  action  to  the 
vitamin  D  contained  in  fish  oils.  The  vitamin  D  produced  by  the  irradia- 
tion of  pure  ergosterol  has  recently  been  obtained  in  crystalline  form. 

The  following  resume  of  studies  on  the  relation  of  radiant  energy 
to  vitamin  D  consists  mainly  of  excerpts  from  a  larger  survey  (9) .  Several 
thousand  references  to  papers  covering  experimental  rickets,  and  the 
chemistry  and  physiology  of  vitamin  D,  are  given  in  the  following 
specialized  reviews:  Park  (62),  McCollum  and  Simmonds  (55),  Hess  (30), 
MacLeod  (56),  Blunt  and  Cowan  (16),  Goldblatt  (26),  Browning  (18), 
Medical  Research  Council  (58),  Laurens  (52),  and  Weidlich  (87). 

THE  DISCOVERY  OF  ACTIVATION 

Sunshine,  like  fish  oil,  is  an  old  remedy  for  rickets.  Its  importance, 
however,  was  not  fully  appreciated  until  Huldschinsky  (44,  45),  by  means 
of  radiographs,  clearly  demonstrated  the  healing  action  of  sunlight  and 
of  the  light  from  the  quartz  mercury  arc.  Hess,  Pappenheimer,  and 
Weinstock  (31)  determined  that  the  effective  wave-lengths  of  light  are 
the  shorter  ultra-violet  waves  of  the  solar  spectrum,  or  the  still  shorter 
waves  of  artificial  sources.  Goldblatt  and  Soames  (27)  discovered  that 
the  livers  of  irradiated  rats,  when  fed  to  nonirradiated  rats,  convey  some 
of  the  virtue  of  irradiation  to  the  animals  which  eat  them. 

In  1924  Hess  and  Steenbock  independently  and  almost  simultaneously 
announced  the  discovery  that  exposure  of  edible  materials  to  ultra-violet 
Ught  endows  them  with  antirachitic  activity.  Hess  found  that  inert 
oils,  namely,  cottonseed  and  linseed,  acquired  this  property  of  cod  liver 
oil.  Steenbock  found  the  same  to  be  true  of  muscle  tissue,  mixed  feed, 
and  fats.     (Cf .  refs.  29,  79.) 

A  succession  of  pubhcations  by  Steenbock  and  by  Hess  rapidly 
expanded  the  knowledge  of  activation.  The  original  brief  communica- 
tions were  published  in  eztenso  by  Steenbock  and  Black  (81),  Steenbock 
and  Nelson  (83),  and  Hess  and  Weinstock  (32).  These  papers,  together 
with  several  supplementary  contributions  and  the  Steenbock  (80)  patent 
of  1928,  revealed  that  edible  materials  in  great  variety  are  activatable, 
and  that  activation  depends  upon  the  same  short  wave-lengths  which  are 
effective  directly  in  the  cure  of  rickets.  Furthermore,  it  appeared  that 
activation  is  relatively  permanent  and  that  it  is  not  a  phenomenon  of 
oxidation.  The  active  moiety  of  irradiated  linseed  oil  was  traced  to  the 
unsaponifiable  fraction,  just  as  in  the  case  of  cod  liver  oil  itself. 

Shortly  a  second  stage  in  the  knowledge  of  activation  was  reached 
when  it  was  demonstrated  that  sterols  become  antirachitic  upon  irradia- 
tion. Hess,  Weinstock,  and  Helman  (35)  succeeded  in  activating  phyto- 
sterol  and  cholesterol,  and  to  a  lesser  extent,  lanolin.  Steenbock  and 
Black  (82)  found  that  cholesterol  which  had  been  specially  "purified"  by 
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esterification  became  definitely  antirachitic  upon  irradiation,  but  that 
phytosterols  from  old  vegetable  oils  acquired  only  slight,  if  any,  activity. 
Rosenheim  and  Webster  (67)  activated  cholesterol. 

Thus  it  became  evident  that  in  foodstuffs  the  sterol  fraction  contains 
the  acceptor  of  the  activating  rays.  The  course  of  investigation  now 
turned  to  the  elucidation  of  the  chemical  changes  induced  by  irradiation 
in  the  sterols. 

Hess  and  Weinstock  (33,  34)  introduced  the  use  of  the  quartz  spectro- 
graph for  investigating  the  chemistry  of  activation.  They  found  that 
ordinary  cholesterol  was  somewhat  opaque  to  ultra-violet  light,  and  that 
irradiation  decreased  its  opacity.  On  the  other  hand,  dihydrocholesterol 
and  dihydrositosterol,  which  were  not  activatable,  were  practically 
transparent,  and  the  transmission  of  ultra-violet  light  was  not  altered 
by  irradiation.  Unfortunately,  a  mercury  arc  was  used  as  the  light 
source  for  the  spectrograms.  Since  this  gives  a  discontinuous  spectrum, 
nothing  could  be  learned  of  the  spectral  structure  in  the  region  of 
absorption. 

Schlutz  and  Morse  (75),  with  better  technique,  determined  that  the 
absorption  spectrum  of  ordinary  cholesterol  is  banded.  Their  densitom- 
eter tracings  showed  two  maxima  of  absorption  at  approximately  2940 
and  2830  A.  A  trained  observer,  biased,  perhaps,  by  later  knowledge, 
can  see  in  these  original  tracings  two  additional  faint  inflections.  In 
retrospect  it  thus  appears  that  Schlutz  and  Morse  were  the  first  to  record 
what  is  now  recognized  as  the  provitamin  absorption  spectrum.  They 
noticed  that  after  brief  irradiation  the  inflections  gave  way  to  general 
absorption,  and,  considering  Beer's  law,  they  postulated  that  either  the 
cholesterol  had  been  at  least  half  metamorphosed,  or  else  "the  substance 
in  which  the  absorption  spectrum  is  changed  may  be  a  small  amount  of 
impurity  in  the  cholesterol  which  is  not  removed  by  repeated  crystalliza- 
tions from  alcohol,  and  which  is  exceedingly  absorptive." 

Such  are  the  coincidences  of  research  that,  on  December  10,  1926, 
reports  from  three  separate  laboratories  confirmed  the  contamination 
hypothesis.  Rosenheim  and  Webster  (69)  found  that  cholesterol  which 
had  been  regenerated  from  cholesterol  dibromide  was  so  pure  that  it  no 
longer  showed  the  characteristic  absorption  spectrum,  and  was  no  longer 
activatable.  They  had  previously  noted  (68)  that  ergosterol  is  activa- 
table, but  having  made  no  quantitative  determination  of  the  degree  of 
activatability,  they  did  not  now  recognize  "ergosterol"  as  the  con- 
taminant removed  by  bromination. 

Heilbron,  Kamm,  and  Morton  (28)  reported  that  fractional  crystal- 
lization of  cholesterol  led  to  the  accumulation,  in  the  least  soluble  fraction, 
of  the  substance  responsible  for  the  characteristic  absorption  spectrum. 
They  recognized  a  third  absorption  maximum,  2690  A.  Irradiation 
destroyed  the  three  bands,  leaving  only  general  absorption. 
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Pohl  (63),  by  the  technique  of  photoelectric  photometry,  also  detected 
three  absorption  bands  in  cholesterol,  which  faded  upon  irradiation. 
With  the  knowledge  that  complete  disappearance  of  the  bands  corre- 
sponded to  the  destruction  of  only  a  trivial  fraction  of  the  cholesterol,  he 
concluded  that  the  absorbing  substance  was  present  only  in  minute 
amount.  He  found  that  cholesterol  purified  via  the  dibromide,  or  via 
allocholesterol,  and  a  sitosterol  purified  via  the  dibromide,  did  not  show 
the  usual  absorption. 

These  simultaneously  announced  studies  left  no  doubt  that  an 
impurity  present  in  ordinary  cholesterol  and  phytosterol  is  responsible 
for  at  least  the  greater  part  of  the  antirachitic  activity  conferred  upon 
these  sterols  by  irradiation. 

After  an  interchange  of  suggestions  between  the  investigators,  the 
impurity,  or  provitamin,  was  presently  identified  as  ergosterol.  Pohl 
(64)  found  that  the  three  known  absorption  bands  of  ordinary  cholesterol 
are  also  exhibited  by  ergosterol.  Moreover,  ergosterol  showed  them  in 
vastly  greater  intensity  than  cholesterol.  Chemical  studies  and  a 
biological  assay  were  announced  by  Windaus  and  Hess  (96).  In  keeping 
with  expectations,  the  antirachitic  potency  of  irradiated  ergosterol  was 
found  to  be  far  greater  than  that  of  irradiated  cholesterol.  At  the  same 
time,  Rosenheim  and  Webster  (70,  72)  reported  essentially  the  same 
findings,  from  which  they  concluded  that  the  precursor  of  vitamin  D  is 
ergosterol,  or  a  sterol  of  similar  constitution. 

Bills,  Honeywell,  and  MacNair  (14)  confirmed  these  remarkable 
discoveries  in  a  w^ay  w^hich  seemed  to  leave  no  reasonable  doubt  that 
ergosterol  is  the  contaminant  provitamin.  By  the  use  of  a  hydrogen 
discharge  tube,  which  emits  an  exceptionally  continuous  ultra-violet 
spectrum,  they  discovered  that  ordinary  cholesterol  exhibits  a  fourth 
absorption  band,  X  2600  A.  Exactly  the  same  band  was  shown  by 
ergosterol,  making  the  series  XX  2935,  2820,  2700,  and  2600  A,  with  four 
points  of  identity  instead  of  three.  An  indication  that  the  contaminant 
was  ergosterol,  and  not  some  sterol  with  the  same  absorption  bands,  was 
obtained  by  comparing  the  rates  of  destruction.  Acetone  solutions  of 
ordinary  cholesterol,  and  of  ergosterol-free  cholesterol  plus  added  ergos- 
terol, were  boiled  with  potassium  permanganate.  The  absorption 
bands,  identical  in  intensity  at  the  outset,  faded  at  essentially  the  same 

rates. 

Despite  the  convincing  evidence  that  ergosterol  is  the  provitamin  in 
cholesterol,  Waddell  (84)  has  recently  published  experiments  which 
indicate  that  such  is  not  the  case.  He  found  that  irradiated  cholesterol 
was  many  times  more  effective  on  chickens,  rat  unit  for  rat  unit,  than 
ergosterol  which  had  been  irradiated  either  by  itself  or  in  the  presence  of 
cholesterol.  Waddell's  experiments  contain  no  obvious  flaw,  and  if 
confirmed,  will  necessitate  revision  of  the  provitamin  concept. 
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PHYSICAL  CHEMISTRY  OF  ACTIVATION 

Morton,  Heilbron,  and  Kamm  (61)  reported  that  the  disappearance 
of  ergosterol  irradiated  in  dilute  sohition  bore  a  linear  relation  to  the 
time.  Unpublished  data  from  this  laboratory  show,  however,  that 
concentrated  solutions  do  not  exhibit  the  linear  relationship.  It  is 
probably  true,  and  certainly  logical  to  expect,  that  under  no  conditions 
is  the  time-disappearance  curve  actually  a  straight  line,  for  the  products 
of  irradiation  are  numerous  and  some  of  them  are  sufficiently  absorptive 
to  act  as  filters  against  the  remaining  unchanged  ergosterol. 

The  wave-lengths  which  affect  ergosterol  are,  of  course,  those  which 
it  absorbs.     Ergosterol  absorbs  strongly  from  3050  to  2300  A  in  the  far 
ultra-violet  region  (Cox  and  Bills,  21).     But  it  exhibits  a  little  absorptive 
power  beyond  these  limits  in  both  directions.     Wave-lengths  as  long 
as  3130  A  are  known  to  activate  it  slightly,  and  there  is  reason  to  believe 
that  still  longer  waves  play  a  part  in  the  decomposition  of  ergosterol 
and/or  of  its  primary  irradiation  products  (Lahousse  and  Gonnard,  50). 
The  predominance  of  these  longer  waves  may  explain  the  relatively  low 
efficiency  of  sunlight  in  activation.     In  the  experiments  of  Windaus, 
Borgeaud,  and  Brunken  (92),  Windaus  and  Borgeaud  (91),  and  Windaus 
and  Brunken   (93),  white  light  in  the  presence  of  optical  sensitizers 
resulted  in  definite  chemical  changes  in  ergosterol,  but  not  in  the  forma- 
tion of  vitamin  D.     Cathode  rays  (Knudson  and  C.  N.  Moore,  48)  and 
radium  emanation  (R.  B.  Moore  and  DeVries,  59)  have  a  moderately 
effective  activating  action  on  ergosterol.     X-rays  do  not  activate  (Gold- 
blatt,  26).     The  few  published  reports  to  the  contrary  are  not  supported 
with  acceptable  bio-assays.     Radio  waves  of  high  intensity  and  short 
wave-length  are  without  action  (unpublished  investigation). 

The  early  work  of  Pohl  (63)  suggested  that  activation  may  involve 
the  addition  of  energy  to  the  sterol  molecule  through  an  electron  dis- 
placement.    Measurement  of  the  energy  relations  was  attempted  by 
Kon,  Daniels,  and  Steenbock  (49),  who  ventured  a  definite  computation 
in  ergs.     In  a  similar  undertaking,  Marshall  and  Knudson  (57)  recognized 
that  the  measurement  of  the  energy  required  for  activation  is  complicated 
by  the  occurrence  of  secondary  reactions.     Bills,  McDonald,  BeMiller, 
Steel,  and  Nussmeier  (15)  considered  that  if  the  energy  of  activation 
remains  resident  in  the  activated  molecule,  a  determination  of  the  heat 
of  combustion  should  reveal  it.     Actually  they  found  no  difference  in 
this  respect  between  plain   ergosterol  and  a  very  potent  irradiation 
product  containing  over  20,000  international  units  of  vitamin  D  per  mg. 
It  is  interesting  to  observe  that  provitamin  D,  which  is  as  important 
to  animals  as  chlorophyll  is  to  plants  in  the  utilization  of  light,  does  not 
play  even  a  small  role  in  the  storage  of  energy. 

The  researches  of  Kon,  Daniels,  and  Steenbock  (49),  Webster  and 
Bourdillon  (85),  and  Marshall  and  Knudson  (57)  seemed  to  show  that 
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vitamin  D  is  formed  with  equal  efficiency  by  any  wave-lengths  within 
the  region  of  the  principal  absorption  of  ergosterol.  Strictly  with 
reference  to  the  formation  of  vitamin,  and  apart  from  side  reactions  and 
decompositions,  such  a  conclusion  may  be  correct.  It  is  known,  however, 
that  the  irradiation  of  ergosterol  produces  several  substances  in  succession 
and/or  in  parallel.  This  fact  was  established  by  the  early  investigations 
of  Rosenheim  and  Webster  (71),  Webster  and  Bourdillon  (85),  Smakula 
(78),  Bills,  Honeywell,  and  Cox  (12),  Fabre  and  Simonnet  (25),  Webster 
and  Bourdillon  (86),  Delaplace  and  Rebiere  (22),  Bourdillon,  Fischmann, 
Jenkins,  and  Webster  (17),  Windaus,  Westphal,  v.  Werder,  and  Rygh 
(102),  Lahousse  and  Gonnard  (50),  Reerink  and  van  Wijk  (65),  and 
others.  It  has  been  confirmed  in  many  later  investigations.  Inasmuch 
as  the  several  products  of  irradiation  have  absorption  spectra  different 
from  ergosterol,  they  are  themselves  susceptible  to  different  wave- 
lengths. The  net  result  is  that  the  sequence  of  products  obtained  by 
irradiation  varies  with  the  wave-lengths  of  light  employed  (Reerink  and 
van  Wijk,  65;  Windaus,  89;  Askew,  Bourdillon,  Bruce,  Jenkins,  and 
Webster,  4). 

The  temperature  coefficient  of  activation  is  small.  Bills  and  Brick- 
wedde  (10)  found  that  cholesterol  containing  1.2  parts  of  "ergosterol" 
per  1000  parts  was  readily  activated  at  -183°C.,  although  the  product 
was  somewhat  less  potent  than  the  product  of  similar  irradiation  at  room 
temperature.  Webster  and  Bourdillon  (85)  irradiated  ergosterol  at 
temperatures  between  —195°  and  +78°C.  and  again  observed  the  small- 
ness  of  the  temperature  coefficient.  Since  bimolecular  reactions  have  a 
large  temperature  coefficient  and  are  generally  inhibited  at  very  low 
temperatures,  the  conclusion  from  these  experiments  was  that  the  change 
involved  is  monomolecular.  All  subsequent  experience,  including  the 
analysis  of  crystalline  preparations  of  vitamin  D,  has  borne  out  the  view 
that  activation  consists  in  an  isomerization  of  the  ergosterol  molecule. 

The  composition  of  the  irradiation  product  is  influenced  by  the  purity 
and  nature  of  the  solvent  in  which  the  ergosterol  is  dissolved.  Ergosterol 
in  the  dry  state  takes  activation  poorly,  presumably  because  the  first 
irradiation  products  which  form  on  the  exposed  surfaces  act  as  filters  to 
prevent  light  from  reaching  the  under  layers  until  the  surface  products 
are  destroyed.  This  principle  may  explain  the  observation  of  Windaus, 
Westphal,  v.  Werder,  and  Rygh  (102)  that  agitation  of  the  solution 
during  exposure  enhances  the  formation  of  vitamin  D.  To  the  extent 
that  the  solvent  itself  is  opaque  to  short  waves,  it  necessarily  exerts  a 
a  filtering  action  on  the  activating  rays. 

The  presence  of  dissolved  oxygen  in  the  solvent  markedly  affects 
the  spectral  picture  of  activation  (Smakula,  78;  Bills,  Honeywell,  and 
Cox,  12;  Reerink  and  van  Wijk,  65).  It  does  so  by  altering  the  by-prod- 
ucts of  activation,  rather  than  by  affecting  to  any  large  extent  the  forma- 
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tion  or  destruction  of  vitamin  D  (Bills,  Honeywell,  and  Cox,  12).  The 
by-products  which  form  by  oxidation  make  difficult  the  crystallization 
of  the  vitamin  (Angus,  Askew,  Bourdillon,  Bruce,  Callow,  Fischmann, 
Philpot,  and  Webster,  1).  In  the  experiments  of  Beard,  Burk,  Thomp- 
son, and  Goldblatt  (6)  extreme  freedom  from  oxygen  in  a  dry  activation 
did  not  increase  the  antirachitic  potency  of  the  product.  As  is  usual 
in  the  absence  of  a  solvent,  the  potency  attained  was  only  moderate, 
amounting  in  this  case  to  roughly  one-tenth  of  the  value  expected  when 
activation  is  performed  in  ether.  The  investigations  of  Windaus  (89), 
Angus,  Askew^  Bourdillon,  Bruce,  Callow,  Fischmann,  Philpot,  and 
Webster  (1)  and  Bills,  McDonald,  BeMiller,  Steel,  and  Nussmeier  (15) 
show  that  vitamin  D,  either  in  crystalline  form  or  as  a  resin,  is  decidedly 
more  stable  to  oxidation  than  some  of  the  nonvitamin  substances  which 
are  formed  with  it  in  irradiation.  Its  stability  is  about  the  same  as  that 
of  ergosterol  itself. 

Apart  from  any  light-filtering  action  of  solvents,  and  from  any  role 
which  they  may  play  as  carriers  of  dissolved  oxygen,  there  appears  to 
be  what  Bills,  Honeywell,  and  Cox  (12)  termed  a  specific  solvent  effect 
on  activation.  This  was  revealed  by  parallel  spectrographic  and  bio- 
logical examinations  on  the  course  of  activation  in  alcohol,  cyclohexane, 
and  ether.  The  importance  of  the  specific  solvent  effect  was  shown  by 
the  fact  that  the  time  required  for  the  attainment  of  maximum  potency 
in  ether  was  longer  than  the  time  required  for  the  entire  sequence  of 
activation  and  destruction  in  alcohol.  The  maximum  potency  reached 
in  ether  was  higher  than  in  alcohol  or  in  cyclohexane,  but  the  spectral 
changes  were  most  conspicuous  in  alcohol. 

THE  INDIVIDUAL  PRODUCTS  OF  IRRADIATION 

Attempts  to  characterize  the  individual  products  of  irradiation  and 
to  ascertain  the  number  of  them  by  interpretation  of  absorption  spectra 
have  been  numerous  but  not  very  profitable.  The  reason  is  easily  under- 
stood, for  with  mixtures  of  substances  having  overlapping  absorption 
bands,  determinations  of  the  position  and  height  of  the  bands  are  unre- 
liable. Precision  methods  of  bio-assay  and  chemical  methods  of  isola- 
tion have  been  the  principal  means  of  progress  during  the  later  stages 
of  the  study. 

A  general  survey  of  the  irradiation  products,  with  spectral  absorption 
curves,  w^as  given  by  Windaus,  Liittringhaus,  and  Busse  (99).  Setz  (77) 
has  brought  the  genetic  relationships  of  the  products  up  to  date,  and 
confirmed  the  view  that  the  changes  involved  are  not  reversible.  It 
appears  from  his  work  that  when  ergosterol  is  irradiated  for  not  too  long 
a  period,  the  product  produced  by  wave-lengths  below  2800  A  is  chiefly 
tachysterol  and  vitamin  D  (calciferol),  whereas  the  product  of  longer 
wave-lengths  is  chiefly  lumisterol  and  calciferol. 
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The  genetic  series  is  probably  best  summarized  in  the  following 
diagram.  This  is  based  mainly  on  the  papers  by  Windaus  and  his 
colleagues,  particularly  Setz.  There  is  some  evidence  that  the  scheme 
is  not  complete.  Between  lumisterol  and  tachysterol  a  protachysterol 
may  occur.  The  reviewer  has  assumed  that  substance  248  precedes  the 
suprasterols,  because  the  absorption  spectrum  of  overirradiated  sub- 
stance 248  (Bills,  Honeywell,  and  Cox,  12)  is  essentially  that  of  the 
suprasterols  studied  by  the  German  workers.  The  name,  calciferol,  is 
retained  for  that  form  of  vitamin  D  which  has  been  isolated.  It  is  not 
impossible  that  at  least  one  other  form  of  the  vitamin  occurs  in  crude 
irradiation  product. 

Ergosterol 

i 
Lumisterol 

i 
Tachysterol 

i 
Vitamin  D  (calciferol) 

i 
Toxisterol  (substance  248) 

^     \ 
Suprasterol  I         Suprasterol  II 

1.  ^rgfosieroZ.— C28H43OH;  |7;  m.p.  varies  with  hydration;  XX  2600, 
2700,  2820,  2935  A;  {a\^\l^  =  -174°;  [af^  =  -135°  in  chloroform. 

Ergosterol,  the  parent  substance  of  the  series  of  irradiation  products, 
has  been  prepared  in  high  purity  by  Bills  and  Honeywell  (11)  and 
Callow  (19).  It  forms  colorless  crystals  which  tenaciously  retain  water 
of  crystallization.  Commercial  specimens  of  otherwise  good  quality 
contain  about  5  per  cent  of  a-dihydroergosterol  (Callow,  20). 

2.  Lumisterol— C^.'RisOB.;  jl;  m.p.  118°;  XX  2650,  2800  A;  [aUl  = 
-\-2S5A°  ■,[aYo  =  +191.5°  in  acetone. 

Crude  irradiation  product,  after  removal  of  unchanged  ergosterol  by 
treatment  with  methyl  alcohol  or  digitonin,  is  a  nearly  colorless  resin. 
In  the  separation  of  vitamin  D  from  this  resin,  a  substance  was  recovered 
which  was  called  sterol  X  by  the  English  workers  and  given  the  name 
Lumisterin  by  the  Germans.  It  was  studied  in  considerable  detail  by 
Windaus,  Dithmar,  and  Fernholz  (94),  who  obtained  it  by  the  fractional 
crystallization  of  the  acetate  of  the  lumisterol-calciferol  addition  com- 
pound. The  absorption  spectrum  of  lumisterol  is  similar  to  that  of 
ergosterol  in  range  and  intensity,  but  it  shows  only  two  maxima,  instead 
of  four.  Lumisterol  appears  to  be  the  initial  product  of  the  irradiation 
of  ergosterol.  It  probably  is  devoid  of  antirachitic  action,  but  it  is 
converted  by  irradiation  into  vitamin  D.     It  forms  with  calciferol  a 
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definite  addition  compound  in  the  ratio  of  1:1,  this  being  the  vitamin  Di 
of  the  German  workers. 

3.  Tachysterol. — C28H43OH;  m.p.  indeterminate;  principal  absorp- 
tion band  at  2800  A,  lesser  bands  at  2680  and  2940  A;  [a]546i  =  -86.3°; 
[a]^8  =  -70°  in  ''Normalbenzin." 

Windaus,  LUttringhaus,  and  Busse  (99)  remo^'ed  from  the  crude 
resin  another  sterol  which  they  called  Tachysterin.  This  was  the  object 
of  a  special  study  by  Windaus,  v.  Werder,  and  Liittringhaus  (101),  who 
prepared  it  from  the  addition  compound,  tachysteryl  acetate  citraconic 
anhydride,  via  tachysteryl  3.5-dinitro-4-methyl  benzoate.  These  prod- 
ucts form  good  crystals,  although  tachysterol  itself  does  not  crystallize. 
The  absorption  spectrum  of  tachysterol  is  characterized  by  its  great 
intensity  at  2800  A.  Tachysterol  is  a  source  of  trouble  in  the  separation 
of  irradiation  products.  Besides  failing  to  crystallize,  it  exhibits  an 
exceptional  affinity  for  oxygen,  so  great  that  perbenzoic  acid  titra- 
tions to  determine  its  degree  of  unsaturation  have  been  uninformative. 
Tachysterol  follows  lumisterol  and  precedes  calciferol  in  the  sequence  of 
irradiation  products.  It  probably  is  devoid  of  antirachitic  action,  but 
it  may  have  a  slight  toxic  effect. 

4.  Vitamin  D.  Calciferol— d^UisOU;  \T;  m.p.  115  to  117°;  X  2650  A; 
[a]l%,  =  +122°;  [a]^°  =  +102.5°  in  alcohol. 

By  means  of  an  ingenious  method  of  fractional  sublimation  Askew, 
Bourdillon,  Bruce,  Jenkins,  and  Webster  (3)  were  able  to  obtain  small 
amounts  of  potent  crystals  from  the  crude  resin.  The  method  was 
improved,  and  a  detailed  study  of  the  active  crystals  was  reported  by 
Angus,  Askew,  Bourdillon,  Bruce,  Callow,  Fischmann,  Philpot,  and 
Webster  (1).  The  name,  calciferol,  was  given  to  the  crystalline  sub- 
stance. A  few  months  later  Askew,  Bourdillon,  Bruce,  Callow,  Philpot, 
and  Webster  (2)  discovered  that  the  original  calciferol  was  a  mixture, 
separable  via  the  3.5-dinitrobenzoate  into  pure  calciferol  and  two  inactive 
sterols.  One  of  the  latter,  pyrocalciferol,  was  merely  a  thermal  trans- 
formation product,  produced  during  the  distillation.  The  other,  "sterol 
X,"  had  probably  come  over  from  the  original  irradiation  product.  By 
the  new  esterification  method  calciferol  could  be  obtained  directly  from 
the  resin,  without  distillation.  The  antirachitic  potency  of  pure  calciferol 
was  found  to  be  40,000  international  units  per  milligram. 

While  the  isolation  of  calciferol  was  in  progress  in  England,  Windaus 
and  his  associates  in  Germany  were  developing  a  different  technique 
to  the  same  end.  Windaus  (90)  and  Windaus,  Luttringhaus,  and 
Deppe  (100)  reviewed  their  preliminary  studies  on  activation,  and 
announced  that  a  crystalline  vitamin  D  was  obtained  by  removing  the 
inactive  components  of  the  resin  by  means  of  maleic  or  citraconic  anhy- 
dride. Soon  after  this,  Linsert  (54)  obtained  another  crystalline  prepa- 
ration somewhat  different  in  its  properties  from  the  first.     For  a  few 
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weeks  Windaus  and  Liittringhaus  (98)  regarded  these  two  preparations 
as  distinct  forms  of  vitamin  D  and  called  them  vitamin  Di  and  vitamin 
D2,  respectively.  Presently,  however,  Windaus,  Linsert,  Liittringhaus, 
and  Weidlich  (97)  discovered  that  the  Linsert  preparation  was  essen- 
tially identical  with  Bourdillon's  pure  calciferol,  while  the  first  German 
preparation  was  an  addition  compound  of  calciferol  with  an  inactive 
sterol. 

5.  Toxisterol.  Substance  248. — Morton,  Heilbron,  and  Kamm  (61), 
extending  the  work  of  Pohl  (64),  showed  that  when  ergosterol  is  irradi- 

o 

ated,  the  three  bands  with  maxima  at  2935,  2820,  and  2700  A  disappear, 

o 

while  a  single  new  band  of  great  intensity  develops  at  2470  or  2480  A, 
and  in  turn  fades  away  to  weak  general  absorption  in  the  far  ultra-violet 
region.  With  inadequate  biological  evidence,  the  assumption  was  easily 
made  that  the  new  band  represented  vitamin  D.  Bills,  Honeywell,  and 
Cox  (12),  introducing  precision  methods  of  assay,  showed  that  the 
appearance  of  the  hand  at  2480  A  coincided  not  with  the  development,  hut 
with  the  destruction,  of  antirachitic  potency.  They,  and  also  van  Wijk 
and  Reerink  (88),  associated  substance  248  with  isoergosterol.  Cox 
and  Bills  (21)  contributed  further  evidence  of  relationship  to  the  iso- 
ergosterols,  but  noted  a  point  of  difference,  namely,  that  substance  248 
does  not  precipitate  with  digitonin. 

Substance  248  has  not  yet  been  isolated.  Bills,  Honeywell,  and 
Cox  (12)  found  that  irradiation  products  withdrawn  for  examination 
at  the  moment  when  substance  248  was  at  its  maximum  concentration, 
still  contained  some  vitamin  D.  Further  irradiation  totally  eliminated 
antirachitic  activity,  while  only  a  small  amount  of  substance  248  was 
destroyed.  Laquer  and  Linsert  (51)  attributed  a  toxic  quality  to  sub- 
stance 248,  and  proposed  the  name,  Toxisterin  (toxisterol).  The  product 
which  they  investigated  still  contained  some  vitamin  D,  but  not  enough 
to  account  for  the  relatively  great  toxicity.  It  was  evidently  a  mixture 
similar  to  that  which  Hoyle  (42)  obtained  by  limited  overirradiation, 
and  which  he  reported  to  have  toxic-calcifying  properties  all  out  of 
proportion  to  the  antirachitic  potency.  Such  a  mixture,  unfortunately, 
seems  to  have  been  the  "vitamin  D"  of  the  I.G.  Farbenindustrie  Aktien- 
gesellschaft  patent  of  1928  (the  old  Vigantol  of  toxic  repute).  There  is 
considerable  evidence,  both  spectrographic  and  toxicologic,  that  toxi- 
sterol is  formed  most  readily  when  alcohol  is  the  solvent  in  which  the 
ergosterol  is  irradiated  (Bills,  Honeywell,  and  Cox,  12,  13;  van  Wijk 
and  Reerink,  88;  Dixon  and  Hoyle,  23;  Hoyle  and  Buckland,  43;  Hoyle, 
42;  Kern,  Montgomery,  and  Still,  47. 

6.  Suprasterol  I. — C28H43OH;  |j;  m.p.  104°;  general  absorption 
below  2500  A;  [a]^'  =  -76°  in  chloroform. 

7.  Suprasterol  II. — C28H43OH;  |7;  m.p.  110°;  general  absorption 
below  2500  A;  [aVJ  =  -1-62.9°  in  chloroform. 
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The  products  of  extreme  overirradiation,  presumably  the  end  products 
of  the  series,  were  designated  Suprasterine  by  Windaus,  Gaede,  Koser, 
and  Stein  (95).  They  recognized  two  isomers,  suprasterol  I  and  supra- 
sterol  II,  which  they  separated  by  taking  advantage  of  differences  in  the 
solubiHty  of  the  allophanic  acid  esters.  The  suprasterols  are  not  anti- 
rachitic and  are  only  slightly  toxic. 

In  the  review  by  Bills  (9)  a  mass  of  evidence  was  summarized  which 
goes  to  show  that  ergosterol,  lumisterol,  and  tachysterol  are  not  the  only 
sterols  which  become  antirachitic  upon  irradiation.  They  are,  however, 
the  supremely  important  ones,  and  the  only  ones  which  develop  enormous 
antirachitic  potency.  It  was  also  brought  out  that  several  forms  of 
vitamin  D  exist,  which  differ  from  each  other  in  physiological  action. 
Thus,  for  example,  the  vitamin  D  as  ordinarily  prepared  from  ergosterol 
is  far  more  effective  for  rats  than  for  chickens,  while  the  reverse  is  true 
of  the  vitamin  D  contained  in  fish  oils. 

ORIGIN  OF  VITAMIN  D  IN  NATURE 

Vitamin  D  rarely,  if  ever,  occurs  in  living  plants,  and  the  reason  is 
not  difficult  to  understand.  The  lower,  nonpigmented,  nonphotosyn- 
thesizing  plants,  which  contain  much  ergosterol,  thrive  in  dark  places  and 
perish  in  the  light.  The  higher  plants,  containing  relatively  little 
ergosterol,  possess  pigments  which  presumably  filter  out  the  activating 
rays  at  the  short  end  of  the  solar  spectrum.  Even  if  the  vitamin  could 
be  formed  in  the  superficial  layers,  plants  could  not  store  it,  "unprovided 
as  they  are  with  any  system  for  the  translocation  of  lipoids."  Dead 
plant  tissue,  by  insolation,  may  acquire  slight  potency,  as  in  the  case  of 
hay  cured  in  the  sun,  coconut  oil  rendered  by  solar  rays,  or  mushrooms 
struck  by  sunlight.  Lack  of  color  is  no  indication  of  the  activatability 
of  plant  materials,  for  even  such  tissues  as  white  iris  petals  are  known  to 
contain  filters  against  ultra-violet  rays. 

In  the  animal  kingdom  vitamin  D  is  widespread,  but  abundant  only 
in  the  fishes.  Its  origin  in  fishes  is  obscure.  Steenbock  and  Black  (82) 
suggested  that  it  is  formed  by  the  insolation  of  plankton  which  in  turn  is 
ingested  by  Uttle  fish,  and  these  by  larger  fish,  etc.  Against  this  hypothe- 
sis is  the  observation  by  Leigh-Clare  (53)  that  the  marine  diatom, 
Nitzschia  closterium,  which  synthesizes  "vitamin  A,"  fails  to  effect  any 
genesis  of  vitamin  D,  even  when  grown  under  conditions  of  maximum 
insolation.  Drummond  and  Gunther  (24)  obtained  essentially  negative 
findings  with  both  phytoplankton  and  zooplankton  collected  from  the 
ocean.  Belloc,  Fabre,  and  Simonnet  (7)  found  that  zooplankton  collected 
in  spring  contained  ergosterol  but  no  vitamin  D,  while  zooplankton 
taken  in  midsummer  showed  ergosterol  with  perhaps  vitamin  D.  Their 
evidence,  although  not  convincing,  may  have  some  significance  in  view 
of  the  July  change  in  vertical  distribution  of  zooplankton  (Russell,  74). 
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It  would  seem  that  if  fish  obtain  vitamin  D  from  plankton,  they  must 
salvage  it  with  extraordinary  economy. 

Irradiation  of  the  body  surface  appears  to  play  no  part  in  the  forma- 
tion of  vitamin  D  in  fish.  Bills  (8)  observed  that  catfish  are  very  sensi- 
tive to  ultra-violet  irradiation,  yet  do  not  elaborate  more  vitamin  D  as  a 
result  of  it.  Schmidt-Nielsen  and  Schmidt-Nielsen  (76)  found  that  the 
basking  shark,  Cetorhinus  maximus,  has  comparatively  little  vitamin  D 
in  its  liver  oil,  in  spite  of  the  fact  that  it  basks  for  hours  at  the  surface 
of  the  water,  and  feeds  on  plankton.  Piscicultural  experiments  by 
Bills  (8)  made  it  appear  probable  that  at  least  a  portion  of  the  vitamin  D 
of  fish  originates  by  sjmthesis  within  the  fish. 

The  higher  animals  lack  the  power  to  synthesize  vitamin  D,  so  their 

requirements  must  be  met  by  ingesting  it,  or  particularly  by  exposing  the 

body  surface  to  sunlight.     All  animal  fats  contain  sterols,  those  of  the 

skin  being  particularly  rich  in  provitamin.     Hess  and  Weinstock  (33) 

demonstrated  that  irradiated  skin  is  antirachitic,  and  that  irradiated 

sterol  exerts  its  action  when  administered  subcutaneously.     Rekling  (66) 

found  that  irradiation  did  not  protect  rats  from  rickets  when  they  were 

prevented  from  hcking  their  fur.     Hou  and  Tso  (41)  found  that  the  skin 

of  normal  rabbits  was  slightly  antirachitic,  the  dorsal  skin  more  so  than 

the  ventral,  but  that  the  skin  of  rickety  rabbits  or  of  normal  rabbits 

reared  indoors  was  without  protective  action.     Hou  (39)  noted  that  the 

effectiveness  of  ultra-violet  irradiation  for  curing  rickets  in  rabbits  was 

almost  lost  when   the  skin  had  been  previously  washed  with   ether. 

Rowan  (73)  observed  that  birds  of  prey  on  a  meat  diet  developed  rickets, 

and  that  the  addition  of  feathers  to  the  diet  supplied  protection.     He 

suggested  that  the  preen  gland  is  concerned  with  the  formation  of  vitamin 

D.     Hou  (36,  37,  38,  40)  made  an  elaborate  study  of  the  formation  of 

vitamin  D  in  birds.     In  brief,  his  findings  were  as  follows:  Birds  differ 

from  mammals  in  having  only  one  gland  of  a  sebaceous  nature.     This 

is  the  glandula  uropygialis,  or  preen  gland.     Preen  gland  oil  contains 

"ergosterol,"  w^hich  birds,  by  preening,  distribute  over  their  feathers 

and  effectively  expose  to  sunlight.     The  vitamin  D  is  either  ingested  by 

swallowing  the  feathers,  or  absorbed  by  the  skin  from  the  feathers.     The 

feathers  and  skin  of  normal  birds  were  shown  to  be  antirachitic,  but  in 

rickety  birds,  or  birds  whose  preen  glands  had  been  removed,  the  feathers 

and  skin  had  little,  if  any,  antirachitic  action.     Removal  of  the  preen 

gland  made  the  birds  susceptible  to  rickets,  and  rickety  birds  without 

the  gland  were  not  benefited  by  exposure  to  ultra-violet  radiation  or 

sunshine. 

Thus  Hou  (37)  was  led  to  see  that  "...  vitamin  D  or  its  precursor 
is  principally  derived  from  the  oil  secretion  rather  than  from  the  diet. 
This  may  be  more  or  less  true  for  all  birds.  For  although  nocturnal 
birds,  and  the  carnivorous  animals  which  prey  upon  other  forms  of 
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'feather  and  fur,'  may  derive  their  vitamin  D  supply  mainly  from  their 
victims,  yet  the  source  of  the  vitamin  in  the  prey  would  appear  to  lie 
in  the  oil  secretion.  This  may  explain  the  absence  of  oil  gland  in  some 
species  of  birds  .  .  .  and  the  necessity  of  adding  rabbits  or  small  birds 
with  the  fur  or  feather  intact,  to  the  diet  of  young  carnivora  in  captivity 
to  ensure  their  successful  development.  .  .  .  Further  it  is  commonly 
known  that  if  herbivora,  e.g.,  horses,  are  scrubbed  thoroughly  with  soap 
and  water,  they  do  not  thrive.  It  may  thus  be  inferred  that  the  sebaceous 
secretion,  which  is  the  homologue  of  the  secretion  of  the  preen  gland  of 
birds  .  .  .  ,  is  an  important  source  of  vitamin  D  in  the  mammal." 

Hou  (40)  found  that  rickety  chickens  with  preen  glands  removed 
could  be  cured  by  irradiating  the  feet,  even  though  irradiation  of  the 
body  or  of  the  head  was  ineffective.  In  this  case  the  substance  activated 
was  obviously  neither  preen  gland  oil  nor  circulating  blood,  but  some- 
thing in  the  tissues  of  the  feet  which  was  directly  absorbed. 

Evidence  enough  has  been  presented  to  show  that  the  higher  animals 
obtain  vitamin  D  in  at  least  three  ways,  the  relative  importance  of  which 
must  vary  with  habits,  requirements,  and  opportunities:  (a)  By  eating 
such  foods  as  eggs,  fish,  whole  furred  or  feathered  animals,  and  insolated 
dead  vegetable  tissues;  (6)  by  ingesting  insolated  sebaceous  matter  in 
the  process  of  neatening  the  body — licking  and  preening;  and  (c)  by 
directly  absorbing  the  products  of  insolation  formed  on  or  in  the  skin. 
It  is  to  be  noted  that  in  all  of  these  sources,  except  possibly  fish,  the 
ultimate  origin  of  the  vitamin  is  traceable  to  sterols  activated  by  light. 
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THE  EFFECTS  OF  IRRADIATION  ON  VENOMS,  TOXINS, 
ANTIBODIES,  AND  RELATED  SUBSTANCES 

S.  C.  Brooks 

University  of  California,  Berkeley,  Cal. 

Irradiation  in  vitro:  Venoms.  Saponins  and  toxic  proteins  of  plant  origin.  Bac- 
terial toxins.  Antigens  {Tuberculous;  Syphilitic;  Bacterial;  Miscellaneous).  Alexin. 
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There  exists  a  literature  of  about  125  papers  or  series  of  papers, 
excluding  preliminary  communications  and  reviews,  which  deal  with 
this  group  of  substances.  About  100  of  these  deal  with  effects  produced 
in  vitro;  the  remainder  deal  with  supposed  effects  produced  in  vivo  by 
local  or  general  irradiation  of  living  animals.  The  latter  are  particu- 
larly difficult  to  evaluate  and  to  interpret  and  will  be  treated  separately 
at  the  end  of  this  chapter. 

It  should  also  be  kept  clearly  in  mind  that  very  few  of  these  so-called 
"substances"  are  really  known  in  any  other  way  than  by  their  effects. 
Many  are  undoubtedly  one  or  a  few  related  well-defined  substances,  e.g., 
bacterial  toxins;  others,  e.g.,  some  snake  venoms,  appear  to  include 
several  distinct,  more  or  less  well-defined,  substances;  others,  such  as 
alexin,  agglutinins,  and,  in  fact,  most  pathogenic  antigens  and  antibodies 
are  literally  nothing  but  ill-understood  properties  of  vaguely  apprehended 
complex  colloidal  systems.  Further  discussion  of  so  involved  and 
technical  a  topic  is  out  of  question  here,  although  recent  research  has 
yielded  some  encouraging  progress.^ 

Even  where  assuredly  no  real  substance  is  now  known,  we  shall  here, 
for  the  sake  of  brevity,  refer  to  "substances." 

The  experiments  on  irradiation  in  vitro  suffer  from  the  lack  of  ade- 
quate quantitative  technique;  workers  using  survival  of  test  animals  as 
a  criterion  have  almost  uniformly  failed  to  use  enough  animals  to  give 
their  results  statistical  validity,  while  experiments  using  hemolysis, 
bacteriolysis,  agglutination,  or  the  like,  are  usually  recorded  in  terms  of 

1  For  further  discussion  of  this  field  the  reader  is  referred  to  H.  G.  Wells,  "The 
Chemical  Aspects  of  Immunity"  (163)  and  to  other  works  cited  there. 
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+  ^"  "^j^^"  "4  +  ,"  or  similarly  unsatisfactory  terms.  For 
this  reason  very  few  protocols  are  given  here.  Much  of  the  work  was 
done  in  the  youth  of  immunology  and  could  profitably  be  repeated  with 
better  methods,  such  as  can  now  be  de\dsed. 

Although,  for  several  reasons,  it  is  impossible  to  make  a  scientifically 
justifiable  classification  of  toxins,  antibodies,  etc.,  the  arbitrary  classifi- 
cation here  followed  (see  "Contents")  has  some  logical  basis. 

IRRADIATION  IN  VITRO 

VENOMS 

Snake  venoms  and  allied  toxic  materials  are  complex  solutions  usually 
exhibiting  several  properties  in  varying  relative  and  absolute  degree: 
neurotoxic,   hemolytic,   or  hemorrhagic,   anticoagulant   or  accelerating 
coagulation  of  the  blood,  and  so  on.     Upon  intravenous  injection  into 
suitable  animals  in  sublethal  doses  they  are  also  capable  of  giving  rise 
to  antivenins,  and  may,  therefore,  be  said  to  act  as  antigens.     The 
hemolytic  and  hemorrhagic  effects  are  probably  due  to  cytolysis  of 
erythrocytes  and  capillary  endothelial  cells,  respectively,  and  may  be 
due  to  a  single  ingredient  of  the  venom.     One  and  the  same  venom  may 
produce  predominantly  hemolytic  effects  in  one  species  of  animal  and 
predominantly    hemorrhagic    effects    in    another.     If    the    cytolysis    is 
dependent  upon  the  agent  penetrating  the  particular  cells  affected,  the 
situation  would  be  paralleled  by  such  hemolytic  agents  as  glycol,  glycerol, 
etc.,  which  have  similar  specific  relations  with  the  erythrocytes  of  different 
species  (89).     It  is  entirely  possible  that  the  neurotoxic  effect,  which 
may  be  upon  the  respiratory  center  or  the  phrenic  nerve  which  innervates 
the  diaphragm,  or  upon  both,  may  be  due  to  the  same  constituent  of  the 
venom  as  the  cytolytic  effects,  but  there  is  no  good  evidence  to  support 
this  idea.     In  fact,  Delezenne  and  Fourneau  (42)  believe  that  in  the 
case  of  cobra  venom,  a  lipase  in  the  venom  produces  a  hemolysin  in  the 
blood  stream  by  acting  upon  lecithin  to  produce  lysocithin,  an  extremely 
hemolytic  substance.     The  relationship  between  the  coagulant,   anti- 
coagulant, agglutinative,  and  antigenic  properties  of  venoms  and  the 
cytolytic  and  neurotoxic  effects  is  similarly  obscure. 

Experiments  purporting  to  show  that,  since  heating  or  irradiation 
causes  the  disappearance  of  one  effect  before  another,  these  effects  must 
be  due  to  independent  substances,  cannot  be  considered  conclusive  in 
the  absence  of  exact  information  as  to  the  relation  between  venom 
concentration  and  the  different  toxic  effects  which  may  vary  differently 
with  change  in  concentration. 

For  these  reasons  it  is  difficult  to  express  on  a  sound  quantitative 
basis  the  effects  of  irradiation  on  different  venoms  as  studied  by  different 
workers  using  different  criteria  of  toxicity. 
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It  is  clear  that  most,  if  not  all,  the  above-mentioned  properties  of 
venoms  are  weakened  by  appropriate  irradiation.  Noguchi  (124)  made 
an  extensive  study  of  the  photodynamic  inactivation  of  the  venoms  of 
the  cobra  (Naja  naia),  daboia  (Vipera  russellii),  and  rattlesnake  {Crotalus 
adamanteus) .  Solutions  were  made  up  containing  0.32  or  0.08  per  cent 
(daboia)  of  dried  venom  and  0.05  per  cent  of  eosin  or  erythrosin,  and 
these  were  allowed  to  stand  in  direct  sunlight  for  30  hr.  The  hemolytic 
action  of  all  three  venoms  was  substantially  diminished,  the  effects, 
according  to  the  author,  being  greatest  on  rattlesnake  and  least  on  cobra 
venom.  Using  "moderate  hemolysis"  as  an  end  point,  cobra  venom  is 
most  stabile,  and  daboia  and  rattlesnake  venoms  nearly  alike;  using 
"no  hemolysis"  as  an  end  point,  cobra  and  rattlesnake  venoms  are 
almost  destroyed  in  the  presence  of  eosin,  and  daboia  venom  is  least 
affected,  while  with  erythrosin,  cobra  venom  is  unaffected,  rattlesnake 
venom  nearly  destroyed,  and  daboia  venom  intermediate.  Noguchi 
tries  to  relate  these  findings  to  the  relative  stabilities  of  the  supposed 
principles  neurotoxin,  coagulin  and  hemorrhagin,  but  all  that  one  can 
safely  conclude  is  that  all  the  principal  toxic  effects  of  these  venoms  are 
susceptible  of  photodynamic  inactivation. 

Noguchi  also  studied  the  globulin-precipitating  and  erythrocyte- 
protecting  actions  of  cobra  venom,  which  he  found  to  be  very  resistant 
to  photodynamic  irradiation.  Parallels  between  thermostability  and 
photostability  are  suggested. 

Most  students  of  the  photolability  of  venoms  have  used  ultra-violet 
light.  Massol  (117)  showed  that  cobra  venom  (1:10,000)  was  rapidly 
inactivated  by  the  light  of  a  300-watt  quartz-mercury-arc  lamp;  activity 
was  deduced  from  tests  of  the  lethal  effects  on  white  mice.  The  author 
also  shows,  though  the  data  are  not  very  nvmierous,  an  apparent  pro- 
tective effect  of  antivenin  (immune  horse  serum)  when  it  is  mixed  with 
venom  prior  to  irradiation.     No  explanation  of  this  is  offered. 

Much,  Peemoller,  and  Haim  (121)  alsoexposed  cobra  venom  (1:2000) 
to  ultra-violet  light  from  a  quartz  mercury  arc,  keeping  the  temperature 
at  about  0  to  2°C.  The  exposure  was  equivalent  to  72  "skin  erythema 
doses,"  and  the  exposed  venom  completely  lost  its  power  to  hemolyze 
human  erythrocytes.  The  authors  indulge  in  much  extravagant  specu- 
lation as  to  the  cause  and  significance  of  the  effects,  which  they  believe 
to  be  intimately  connected  with  effects  on  lipoids,  a  not  improbable 
assumption. 

One  hour  of  irradiation  at  40  cm.  from  a  quartz  mercury  arc  of 
unspecified  characteristics  was  found  by  Arthus  and  Collins  to  "com- 
pletely" destroy  the  in  vivo  toxicity  of  daboia  and  cobra  venoms  which 
are  primarily  coagulative  and  neurotoxic,  respectively.  The  protective 
effects  of  horse  serum,  egg  white,  and  Witte's  peptone  when  present 
during  irradiation  were  noted.     Similar  effects  are  commonly  observed 
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in  other  systems  and  will  be  discussed  below  in  relation  to  the  photola- 
bility  of  tetanus  toxin. 

Arthus  and  Collins  studied  also  the  influence  on  coagulation  exerted 
by  venoms  as  affected  by  ultra-violet  radiation.  In  vivo  cobra  venom 
retards  coagulation,  while  the  venoms  of  the  daboia,  the  fer-de-lance 
(Bothrops  atrox)  and  the  tropical  rattlesnake  (Crotalus  terrificus)  promote 
coagulation  and  lead  to  thromboses.  In  vitro  the  effects  of  the  first 
two  on  citrated  plasma  appear  only  on  addition  of  calcium  ions,  coagu- 
lation being  then  retarded  (cobra)  or  accelerated  (daboia),  while  the 
last  two  are  alone  able  to  coagulate  citrated  plasma.  Ten  minutes' 
irradiation,  the  temperature  not  exceeding  25°C.,  was  adequate  to  reduce 
all  these  types  of  effects  to  5  to  10  per  cent  of  their  original  strength. 
Data  are  given  for  various  times  of  irradiation,  and  a  fairly  complete 
picture  of  the  progressive  effects  on  the  different  venoms  may  be 
obtained. 

Phisalix  and  Pasteur  (129)  have  made  an  extensive  study  of  the 
effects  of  ultra-violet  irradiation  on  the  venom  of  the  European  asp 
(Vipera  aspis).  The  400-watt  quartz-mercury-arc  lamp,  emitting  light 
down  to  2300  A,  was  not  sufficient  to  affect  significantly  the  toxicity 
of  this  venom  (1:1000  in  physiological  salt  solution)  as  judged  by  its 
effect  on  mice.  The  authors  suggest  that  there  was  perhaps  a  slight 
increase  in  toxicity  due  to  irradiation,  but  this  is  not  borne  out  by  the 
data  given.  The  irradiated  venom  was,  however,  not  capable  of  pro- 
voking immunity,  so  that  the  antigenic  power  ("echidno-vaccine"  of 
the  authors)  was  destroyed  by  irradiation  which  left  the  neurotoxin  and 
hemorrhagin  essentially  unaffected. 

Viper  venom  is  also  capable  of  destroying  the  virus  of  rabies  in  vitro 
even  after  heating  to  75°C.  for  15  min.  to  destroy  its  toxicity;  this  power, 
as  well  as  its  immunizing  properties,  is  destroyed  by  heating  to  100° 
for  10  min.  (Phisalix  and  Pasteur,  130).  Viper  serum  has  similar  prop- 
erties, and  irradiation  of  serum  destroyed  the  antigenic  and  antirabies- 
virus  properties  while  leaving  the  toxicity  unaffected  (Phisalix  and 
Pasteur,  131). 

Destruction  of  the  toxic  properties  of  viper  venom  (Vipera  aspis f)  and 
cobra  venom  by  exposure  to  the  radiation  from  a  capsule  of  RaBr2,  was 
observed  by  C.  Phisalix  (127).  Presumably  the  effect  was  due  to 
gamma  and  perhaps  also  beta  radiation,  but  the  description  of  the  experi- 
ments is  too  meager  to  allow  closer  analysis.  RaEm  and  its  active 
deposit  dissolved  in  the  venom  solution  also  inactivated  it,  in  this  case 
with  development  of  turbidity  and  a  characteristic  odor,  perhaps  as  a 
result  of  alpha  and  increased  beta  radiation  (128). 

C.  Phisalix  (128)  also  found  the  poisonous  secretions  of  a  terrestrial 
salamander  and  the  common  toad  to  be  unaffected  by  radium  radiation 
in  similar  dosage. 
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Venomous  secretions  and  venomous  sera  also  occur  in  many  other 
groups,  notably  fishes  and  amphibians.  Kopaczewski  (101)  has  made 
a  special  study  of  the  toxic  serum  of  the  moray  {Muraena  helena),  as 
well  as  of  the  venom  secreted  around  certain  of  its  teeth.  The  serum, 
usually  referred  to  as  "eel  serum,"  can  be  destroyed  by  irradiation  but 
is  relatively  msensitive.  The  venom  was  apparently  not  tested  in  this 
regard.  The  serum  was  weakened  by  48  hr.  exposure  to  direct  sunlight, 
and  lost  about  one-half  to  two-thirds  of  its  toxicity  on  30  min.  exposure 
to  a  powerful  quartz-mercury-arc  lamp  (approximately  8000  cp.)  at  a 
distance  of  5  cm.  Temperature  was  not  a  factor.  Sources  of  ultra-violet 
radiation  of  wave-length  3000  to  4000  A  were  tried  but  were  too  weak  to 
have  any  effect,  although  the  effectiveness  of  visible  light  would  lead 
one  to  expect  some  loss  of  toxicity  at  least.  Exact  energy  measurements 
are  needed  before  the  destructive  efficacy  of  different  spectral  regions 
can  be  compared.  Kopaczewski  correlates  inactivation  of  the  moray 
serum  with  an  ultramicroscopically  observed  decrease  in  dispersity  (102). 

Schuscha,  under  E.  Friedberger,^  also  investigated  the  toxicity  of 
"eel  serum,"  which  he  tested  by  injection  into  guinea  pigs.  The  inade- 
quacy of  such  tests  for  quantitative  work  is  probably  the  cause  of  the 
anomalous  course  of  the  inactivation  by  ultra-violet  radiation  as  observed 
by  him,  10  min.  irradiation  producing  less  effect  than  5  min.  His  figures 
for  the  reduction  of  the  hemolytic  effect  of  eel  serum  in  vitro  as  a  result 
of  irradiation  are  also  quantitatively  anomalous. 

Friedberger  himself  had  previously  reported  (66)  that  although  the 
toxicity  of  eel  serum  was  decreased  by  brief  ultra-violet  irradiation,  its 
hemolytic  power  was  not  appreciably  altered.  Evidently  this  material 
is  quite  photostabile,  although  Kopaczewski's  work  seems  to  be  adequate 
proof  that  it  can  be  detoxicated  by  light. 

SAPONINS    AND    TOXIC    PROTEINS    OF   PLANT    ORIGIN 

Among  the  earlier  investigations  of  the  biochemical  effects  of  light 
is  one  by  Dreyer  and  Hanssen  (46)  in  which  it  is  shown  that  the  glucosides 
saponin  and  cyclamin  and  the  toxic  proteins  ricin  and  abrin  all  lose  their 
hemolytic  power  under  ultra-violet  irradiation  from  a  Bang  Ag-electrode 
quartz-lamp. 

Quantitative  data  are  given  illustrating  the  regular  course  of  photo- 
inactivation  which  the  authors  state  was  shown  by  the  substances  named, 
as  well  as  by  coli  agglutinin  and  three  enzymes  studied  at  the  same  time. 
Though  the  details  of  titration  and  calculation  are  not  given,  it  appears 
that  a  unimolecular  reaction  isotherm  is  followed,  whose  familiar  equa- 
tion is 

h  =  -  log 


t         a  —  X 
2  Schuscha,  A.  T.     Thesis,  Cairo,  1915,  quoted  by  Friedberger  and  Scimone  (67). 
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where  fc  is  a  constant,  t  is  time,  a  is  the  original  amount  of  photolabile  sub- 
stance, and  X  the  amount  destroyed  in  time  t.  For  cyclamin,  k  =  0.0033 
when  t  is  expressed  in  minutes  and  Briggsian  logarithms  are  substituted 
for  natural  logarithms.  The  goodness  of  fit  of  the  observed  to  the 
theoretical  curve  may  be  judged  from  Fig.  1.  The  agreement  seems 
satisfactory  and  this  research  constitutes  one  of  the  pioneer  demon- 
strations of  the  conformity  of  biological  reactions  to  classical  physico- 
chemical  laws. 
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Fig.  1. — The  relative  hemolytic  activity  of  cyclamin  after  different  periods  of  irradia- 
tion.    The  straight  line  is  the  theoretical  curve  for  k  =  0.0033,  and  the  points  represent 
observed  values.     Ordinates  represent  logarithms  of  a-x  (the  fractional  part  of  the  original 
activity);  abscissas,  time  in  minutes.      (After  Dreyer  and  Hanssen,  46.) 

Seyderhelm  and  Opitz  (148)  subjected  purified  saponin  to  ultra- 
violet radiation  from  a  quartz-mercury-arc  lamp,  and  found  that  it 
rapidly  lost  both  its  hemolytic  power  and  its  power  to  so  injure  leucocytes 
as  to  make  them  take  up  (become  permeable  to?)  Congo  red  and  trypan 
blue.  The  authors  attribute  the  inactivation  to  decreased  dispersion,  as 
shown  by  the  appearance  of  the  Tyndall  phenomenon  after  5  to  6  hr., 
and  of  gelation  after  7  hr.  irradiation.  There  was  also  a  decrease  in  the 
surface  tension  of  the  solution.  Further  changes  in  the  physiological 
activity  of  saponin  upon  irradiation  are  also  recorded,  and  Wheeler-Hill 
(164)  in  the  discussion  appended  to  the  paper  of  Seyderhelm  and  Opitz 
(148),  contributes  some  new  data  including  studies  on  the  absorption 
of  light  of  X  <  3340  A.     This  increases  during  irradiation. 

Tappeiner  and  Jodlbauer  (156)  reported  that  ricin,  the  toxic  protein  of 
Ricinus,  lost  its  agglutinating  power  when  exposed  to  sunlight  in  the 
presence  of  oxygen  and  such  photodynamic  sensitizers  as  eosin,  fluores- 
cein, etc.     Crotin,  from  Croton  sp.,  resembled  ricin. 

Busck  (31)  investigated  in  detail  the  protective  effects  of  normal 
serum  or  other  protein  colloids  added  to  ricin-dye  mixtures  which  were 
then  exposed  to  visible  light.     The  agglutinating  power  of  the  ricin 
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in  vitro  was  used  as  a  measure  of  its  activity.  He  attributes  the  protec- 
tion to  the  formation  of  inactive  complexes  of  dye  and  protein  molecules. 
The  paper  deals  also  with  protection  of  many  test  objects  besides  ricin 
and  is  primarily  a  contribution  to  the  theory  of  the  photodynamic  effect. 

Baroni  and  Jonesco-Mihaiesti  (13)  also  found  rather  rapid  loss  of 
agglutinating  power  by  ricin  upon  ultra-violet  irradiation.  Relative 
rates  of  destruction  are  given  by  these  authors  for  various  toxins,  etc., 
but  can  hardly  be  granted  quantitative  significance,  for  reasons  discussed 
below. 

The  upper  wave-length  limit  for  effective  photochemical  ricin  inactiva- 
tion,  as  judged  by  its  toxicity  for  test  animals,  was  shown  by  Carmichael 
to  lie  at  about  2450  to  2540  A  (32). 

Schubert  (142)  exposed  ricin,  either  dry  or  in  0.01  per  cent  aqueous 
solution,  to  the  near  ultra-violet  ("  Originalhohensonne "  lamp  with 
uviol  glass  screen)  and  observed  that  it  lost  its  toxicity  for  white  mice. 
Welch  (162)  showed  that  its  toxic  and  agglutinating  powers  were 
destroyed  at  about  the  same  rate  by  ultra-violet  radiation,  but  that  its 
antigenic  power  was  more  resistant. 

BACTERIAL    TOXINS 

These  appear  usually  to  be  proteins  or  products  of  protein  decomposi- 
tion, and  those  produced  by  different  organisms  differ  in  the  characteristic 
symptoms  produced.  Those  whose  photolability  have  been  studied  are 
all  exotoxins,  i.e.,  products  given  off  to  the  culture  medium  by  the  growing 
organisms;  they  are  usually  broth  filtrates,  or,  in  one  case  (hemotoxin  of 
B.  proteus),  broth  cultures  which  have  been  killed  by  ether. 

Diphtheria  toxin  was  the  first  of  all  the  substances  treated  in  this 
paper  to  be  studied  from  the  point  of  view  of  its  resistance  to  irradia- 
tion. Roux  and  Yersin  (138),  in  1889,  published  the  significant  observa- 
tion that  although  quite  stabile  in  the  dark,  it  was  almost  completely 
inactivated  by  10  hr.  exposure  to  sunlight.  When  sealed  up  in  small 
tubes  without  air,  the  toxin  was  only  slightly  injured  by  similar  irradia- 
tion. The  authors  conclude  that  visible  light  plus  oxygen  is  the  active 
agency. 

Emmerling  (51)  compared  the  effects  of  sunlight  on  diphtheria  toxin 
and  various  enzymes,  finding  the  toxin  to  be  less  stabile  than  the  enzymes. 
Aside  from  this,  his  work  serves  merely  to  confirm  that  of  Roux  and 
Yersin. 

Photodynamic  destruction  of  diphtheria  toxin  in  the  presence  of 
eosin  (0.05  per  cent)  by  3  days'  exposure  to  diffuse  daylight  has  been 
observed  by  Tappeiner  and  Jodlbauer  (155).  Similar  effects  were 
observed  with  fluorescein  (0.1  per  cent),  methylene  blue  (0.02  per  cent), 
and  dichloranthracene  disulfonate.     Rabbit  or  ox  gall  may  also  be  used 
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as  a  sensitizer  (77) .  Huber  (87)  obtained  similar  results  by  4  hr.  exposure 
to  direct  sunlight,  toxicity  being  judged  by  either  hemolytic  power  in 
vitro  or  lethal  effects  on  laboratory  animals.  Both  papers  show  oxygen 
to  be  necessary  for  this  effect.  Various  other  data  pertinent  to  the 
theory  of  photodynamic  action  are  also  given  by  Huber, 

It  seems  much  more  probable  that  the  photoprocess  involves  oxida- 
tion, as  this  work  of  Huber  indicates,  and  as  Roux  and  Yersin  suggest 
in  the  case  of  visible  light,  than  that  it  is  a  reduction,  as  suggested  by 
Hertel  (84)  on  the  basis  of  experiments  on  this  toxin  and  various  enzymes 
using  light  of  X  ::^  2800  A.  Hertel  found  10  min.  irradiation  sufficient 
to  reduce  the  toxicity  of  diphtheria  toxin  to  much  less  than  25  per  cent. 
This  is  much  more  rapid  than  inactivation  by  direct  sunlight,  but  there 
are  no  clues  as  to  the  relative  energy  flux  in  the  two  cases. 

Hartoch,  Schiirmann,  and  Stiner  (75)  observed  rapid  destruction  of 
diphtheria  toxin  by  ultra-violet  light  (Nogier-Triquet  "  Unterwasser- 
brenner"),  toxic,  antigenic,  and  antitoxin  binding  powers  being  about 
equally  sensitive. 

Welch  (162)  tested  the  relative  stability  of  the  original  bouillon  and 
the  purified  toxin  prepared  by  Gross'  method  which  eliminates  most 
of  the  nitrogen  and  leaves  a  clear,  colorless  toxin.  This  purified  toxin  is 
much  more  quickly  inactivated  by  the  light  of  a  carbon  arc.  The  effect 
is  presumably  due  to  screening  by  components  of  the  bouillon  other  than 
the  toxin,  as  suggested  by  the  author  (cf.  page  349  under  Tetanus  Toxin). 

Baroni  and  Jonesco-Mihaiesti  (13)  also  observed  inactivation  of 
diphtheria  toxin  by  ultra-violet  light. 

X-ray  effects  were  studied  by  Gerhartz  (70).  Various  conditions  of 
irradiation,  using  "soft"  or  "medium  hard"  tubes,  were  tried  and 
evidence  of  some  destruction  of  toxin  obtained,  but  the  small  number  of 
animals  tested  leaves  the  results  far  from  quantitative,  and  Morgenroth 
(120)  criticizes  the  paper  severely  on  this  basis.  Gerhartz's  reply  in  the 
same  number  of  the  same  journal  adds  nothing  new.  Evidently  an 
effect  of  X-rays  on  diphtheria  toxin  is  as  yet  not  definitely  proven. 

Fabre  and  Ostrovsky  (52,  53),  however,  found  detoxication  when 
they  added  1  microgram  of  "radium"  (Ra  element  or  RaS04?)  to  each 
milliliter  of  toxin  and  allowed  the  mixture  to  stand  for  10  to  43  days. 
Many  desirable  details  are  lacking  in  these  papers,  e.g.,  the  description 
seems  to  imply  that  the  radium  was  ultimately  injected  into  the  test 
animals,  which  seems  improbable  and  undesirable.  Their  conclusions, 
therefore,  still  leave  some  possible  doubt  as  to  any  appreciable  effect  of 
radiations  of  large  quantum  value  on  the  properties  of  diphtheria  toxin. 

Tetanus  toxin  was  also  very  early  found  to  keep  less  well  in  the  light 
than  in  the  dark.  Tizzoni  and  Cattani  (158),  in  1891,  showed  that  in 
bouillon  cultures  both  bacteria  and  toxins  had  been  destroyed  by  4,^ 
months  in  diffuse  daylight,   provided  air   (i.e.,   oxygen)   was  present. 
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Controls  in  a  hydrogen  atmosphere  or  in  the  dark  were  practically 
uninjured.  Less  transparent  media  such  as  gelatin  served  to  protect 
the  toxin  more  or  less. 

Kitasato  (97)  obtained  more  rapid  detoxication  of  bouillon  filtrates 
by  diffuse  daylight  than  the  earlier  work  suggested.  The  data,  based  on 
two  mice  per  sample,  are  only  roughly  quantitative. 

Fermi  and  Celh  (56)  found  dry  tetanus  toxin  to  be  completely  inac- 
tivated by  48  hr.  exposure  to  direct  sunHght,  as  compared  with  the 
enzymes  trypsin  and  pepsin  which  were  not,  but  they  believed  that  the 
relatively  high  temperatures  (40°  to  50°C.)  incident  to  irradiation  were 
responsible.  If  the  temperature  was  kept  at  37°  or  below,  there  was  no 
destruction  of  the  toxin  in  15  hr.  At  first  glance  this  would  seem  to 
invalidate  Kitasato's  work  in  which,  with  temperatures  of  35°  to  43°, 
sunhght  completely  inactivated  tetanus  toxin  in  15  to  18  hr.  But  it  is 
apparently  the  use  of  dried  toxin  rather  than  toxic  bouillon  filtrates 
which  makes  the  difference.  Fermi  and  Pernossi  (57)  investigated  both 
and  found  that  at  temperatures  not  exceeding  37°  the  dissolved  toxin  was 
completely  inactivated  by  direct  sunhght  in  15  hr.,  in  agreement  with 
Kitasato,  while  the  dried  toxin  was  still  somewhat  active  after  100  hr. 
irradiation.  Similar  effects  of  concentration  or  desiccation  are  often 
met  with  among  toxins  and  immune  bodies. 

Loewenstein  (107)  reported  inactivation  of  tetanus  toxin  by  visible 
light  from  a  0.25-amp.  Nernst  lamp,  with  and  without  interposition  of 
colored-glass  screens  of  undetermined  transmission.  Loewenstein  also 
reported  photodynamic  inactivation  by  visible  light  acting  on  an  unde- 
scribed  toxin-eosin  mixture.  It  had  been  described  previously  by 
Tappeiner  and  Jodlbauer  (155)  using  0.05  per  cent  eosin  and  diffuse 
dayhght,  and  Huber  (87)  used  eosin  or  erythrosin  and  found  destruction 
of  the  hemolytic  effect  in  vitro  as  well  as  of  the  general  toxicity.  (Cf. 
also  above  in  reference  to  diphtheria  toxin.)     Oxygen  is  necessary. 

Flexner  and  Noguchi  (61)  noted  photodynamic  destruction  of  the 
lytic  and  tetanospasmic  principles  of  tetanus  toxin  both  by  sunlight  alone 
and,  more  rapidly,  by  sunlight  acting  on  toxin  solutions  containing 
0.15  per  cent  eosin  or  related  dyes.  Hausmann  and  Pribram  (78)  also 
obtained  photodynamic  inactivation  of  tetanolysin,  using  ox  or  rabbit 
gall  as  a  sensitizer. 

Ultra-violet  inactivation  of  tetanolysin,  first  described  by  Courmont 
and  Nogier  (37),  in  1909,  illustrated  well  two  points:  the  importance  of 
transparency  to  hght  of  the  effective  spectral  region;  and  the  characteris- 
tic absence  of  the  need  for  oxygen,  which  distinguishes  most  ultra-violet 
reactions  from  the  analogous  photodynamic  reactions. 

Influence  of  Dilution. — The  first  point  is  treated  by  Courmont  and 
Nogier  (38)  in  a  paper  in  which  they  show  that  while  1  to  2i^  hr.  hardly 
inactivated  undiluted  toxic  tetanus  bouillon  in  their  earlier  experiments, 
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now  by  diluting  the  bouillon  1:2000  with  distilled  water  they  could 
almost  completely  detoxicate  it  in  "a  few"  minutes. 

In  the  same  issue  of  the  Comptes  Rendus  there  is  an  account  of  con- 
siderably more  detailed  experiments  on  tetanus-toxin  dilutions  by 
Cernovodeanu  and  Henri  (33).  The  effect  of  diluting  toxic  bouillon 
filtrates  with  0.8  per  cent  NaCl  was  the  same  as  that  observed  by  Cour- 
mont  and  Nogier  when  they  used  distilled  water.  Dilution  with  fresh 
nontoxic  bouillon  decreased  the  rate  of  destruction  of  toxin,  presumably 
because  the  ratio  of  protective  substance  to  toxin  was  increased.  A 
screen  of  bouillon  5  mm.  thick  interposed  between  the  source  and  the 
toxin  to  be  irradiated  prevented  inactivation,  thus  demonstrating  the 
effect  of  the  protective  substances  in  bouillon  to  be  principally  at  least  a 
result  of  a  purely  physical  shading  of  the  toxin.  Spectrograms  showed 
that  the  undiluted  bouillon  had  a  pronounced  absorption  for  light  of 
X  <  2805  A,  while  there  was  still  considerable  transmission  of  light  of 
X  =  2399  A  by  a  similar  depth  of  bouillon  diluted  1:100  with  0.8  per  cent 

NaCl. 

These  facts  are  of  such  general  significance  in  all  irradiation  experi- 
ments on  biological  media,  especially  with  ultra-violet  light,  that  they 
have  been  given  here  in  some  detail.  They  have  also  been  noticed  in 
studies  on  alexin,  on  antibodies,  etc.,  but  will  be  mentioned  hereafter 
only  as  they  bear  on  some  other  point  of  importance. 

Oxygen  in  Relation  to  Ultra-violet  and  Visible  Irradiation.— Cerno- 
vodeanu and  Henri  (33)  also  show  that  irradiation  of  tetanus  toxin  in 
exhausted  and  sealed  quartz  vessels  still  produced  inactivation,  showing 
that  the  reactions  induced  by  ultra-violet  radiation  can  destroy  toxin 
in  the  absence  of  oxygen.  Inactivation  by  visible  light,  on  the  other 
hand,  depends  upon  some  component  of  air,  presumably  oxygen  (Tizzoni 
and  Cattani,  158 ;  and  Tappeiner  and  Jodlbauer,  155).  Other  substances 
such  as  ricin  and  tetanus  toxin  have  also  been  shown  by  Tappeiner  and 
Jodlbauer  to  be  inactivated  photodynamically  only  when  free  oxygen 
is  available.  In  fact,  photodynamic  processes  in  general  require  free 
oxygen.  Why  should  this  difference  exist?  Does  it  mean  that  inactiva- 
tion by  visible  light  (with  or  without  sensitizers)  is  an  oxidation  process, 
while  that  by  ultra-violet  radiation  is  not?  Blum  (20)  suggests  that 
X  <  2800  A  may  release  oxygen  from  water  so  that  in  the  presence  of 
very  short  wave-lengths  oxidations  may  proceed  without  free  oxygen, 
thus  leading  eventually  to  the  same  end  result,  namely,  in  this  case 
oxidation  of  the  toxin.  If  inactivation  is  the  result  of  oxidation  by  the 
primary  splitting  of  water,  ultra-violet  radiation  acts  primarily  on  water 
rather  than  on  the  toxin. 

Other  investigators  have  added  minor  details  of  some  interest  to  our 
knowledge  of  the  effects  of  ultra-violet  radiation  on  tetanus  toxin. 
Schubert  (142),  using  a  Hanau  " Originalhohensonne "  (quartz  mercury 
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arc)  and  keeping  his  samples  cooled  to  about  0°  to  2°C.,  found  both 
diluted  toxin  and  dry  toxin  exposed  in  very  thin  layers  to  be  about  equally 
labile.  The  lability  of  the  dry  toxin  is  rather  surprising.  He  also  verified 
a  previous  report,  for  which  no  citation  is  given,  that  ultra-violet  irradia- 
tion increases  the  ultra-violet  absorption  of  the  toxin. 

The  fact  that  Schubert  could  inactivate  tetanus  toxin  at  0°  to  2° 
conforms  to  expectations  based  on  the  theoretical  and  observed  low 
temperature  coefficient  of  photochemical  reactions.  Cernovodeanu  and 
Henri  (33)  tested  this  particular  point  and  found  practically  no  effect  of 
temperature  on  the  reaction  rate  between  0°  and  24°C.  The  same 
authors  claim  to  have  shown  that  the  light  reaction  proceeds  according 
to  unimolecular  reaction  laws,  but  the  agreement  is  only  approximate. 
Welch  (162),  using  an  air-cooled  carbon  arc  as  a  source  of  visible  and 
ultra-violet  light,  distinguished  between  the  tetanolysin  and  tetano- 
spasmin,  but  found  them  to  be  equally  affected  by  light. 

Toxins  appear  to  be  very  resistant  to  X-radiation.  Lusztig  (111), 
in  a  paper  which  covers  a  great  deal  of  ground,  but  which  is  marred 
by  omission  of  much  needed  details  and  by  careless  bibliography,  states 
that  10  H.E.D.  ("Haut-Erythema-Dosis")  had  no  effect  upon  the  toxicity 
(or  pathogenicity)  of  (killed?)  cultures  of  the  organism  of  swine  erysipe- 
las (B.  rhusiopathiae  suis). 

No  detoxication  of  tetanus  toxin  by  radiations  from  radium  was  found 
by  Fabre  and  Ostrovsky  (52,  53),  although  they  did  observe  it  in  the  case 
of  diphtheria  toxins  (see  page  348). 

Toxin  of  B.  hotulijius. — Gradual  loss  of  toxicity  of  meat  extracts  in 
which  B.  hotulinus  had  been  grown  was  observed  by  Van  Ermengem  (159) 
and  by  Thom,  Edmondson,  and  Giltner  (157)  when  the  extracts  were 
exposed  to  diffuse  or  direct  sunlight  and  air. 

The  toxins  investigated  by  Schoenholz  and  Meyer  (141)  required  a 
longer  time  for  "  inactivation  "  than  those  just  mentioned,  either  because 
they  were  originally  more  potent  or  more  resistant,  or  because,  as  the 
authors  suggest,  the  layer  of  paraffin  oil  with  which  they  overlaid  their 
toxic  broth  impeded  the  diffusion  of  oxygen  into  the  broth  and  thus 
retarded  detoxication. 

Miscellaneous  Bacterial  Toxins. — Bacillus  proteus  yields  a  hemolytic 
toxin  when  cultures  are  killed  by  ether,  and  the  ether  then  removed 
by  aeration.  This  toxin  preparation  is  probably  susceptible  to  inactiva- 
tion  by  visible  light,  although  Ecker  and  Brittingham  (49)  found  it  to 
be  unaffected  by  the  relatively  very  short  exposure  of  3  hr.  which  they 
tried.  It  is  about  as  rapidly  inactivated  by  ultra-violet  radiation  as 
other  toxins,  an  "Alpine  lamp"  at  30  cm.  reducing  its  titer  to  about  50 
per  cent  in  5  min.  In  a  very  rough  way,  ultra-violet  inactivation  of  this 
toxin  follows  the  exponential  course  of  a  unimolecular  reaction,  the 
approximate  observed  toxicities  after  various  exposures  being  5  min., 
•  50  per  cent;  10  min.,  25  per  cent;  15  min.,  5  per  cent. 


352  BIOLOGICAL  EFFECTS  OF  RADIATION 

Protein-free  toxic  filtrates  produced  by  bacteria  of  the  colon-typhoid 
group  studied  by  Welch  (162)  produce  two  types  of  phenomena  in  vivo: 
a  "skin  reaction,"  and  a  "skin  reactivity,"  i.e.,  sensitization  to  subsequent 
injections.  The  latter  might  be  classed  as  an  antigenic  property.  It  is 
abolished  by  60  to  70  min.  irradiation  at  25  cm.  from  a  55-volt,  30-amp,, 
direct-current  carbon  arc,  while  the  skin-reaction  test  (toxin?)  is  abolished 
after  40  min. 

Toxins  Present  in  Human  Serum. — Macht  (112)  has  detected  by  their 
effects  on  the  growth  of  seedlings  of  Lupinus  albus  several  toxic  sub- 
stances, among  which  two  have  been  tested  as  to  their  stability  on  ultra- 
violet irradiation.  Pernicious-anemia  toxin,  present  in  serum  in  that 
disease,  was  found  to  be  about  20  per  cent  inactivated  by  30  min.  irradia- 
tion. Eosin  accelerated  destruction:  presumably  a  photodynamic  effect 
accompanying  visible  light.  Menotoxin,  which  Macht  believes  to  be 
related  to  cholesterol,  is  apparently  unaffected. 

ANTIGENS 

Many  of  the  toxic  materials  discussed  above  have  the  power  to  evoke 
changes  in  mammals  upon  injection  or  introduction  per  os.  Many 
materials,  such  as  the  antigens  used  in  the  Wassermann  reaction,  evince 
very  little  toxicity.  For  convenience,  therefore,  we  shall  group  together 
here  the  antigenic  aspects  of  all  these  substances,  even  though  their 
toxicity  may  have  been  considered  above. 

Tuberculin. — The  various  tuberculins  produce  no  toxic  symptoms  in 
normal  animals,  and  cannot,  therefore,  be  considered  as  toxins.  Neither 
do  they  appear  to  be,  strictly  speaking,  antigens.  Their  inclusion  here 
is  arbitrary.  The  different  types  all  seem  to  be  more  or  less  sensitive  to 
irradiation. 

Jansen  (93)  exposed  previously  heat-killed  and  dried  B.  tuberculosis 
in  layers  0.3  to  0.5  mm.  thick  to  concentrated  carbon-arc  light  without 
effect;  three  types  of  tuberculin  irradiated  under  similar  conditions  gave 
the  characteristic  odor  of  burned  horn,  but  had  exactly  the  same  effects 
on  tuberculous  guinea  pigs  as  the  controls.  Visible  light  is,  therefore, 
by  itself  practically  without  effect. 

However,  the  addition  of  eosin  or  erythrosin  may  lead  to  inactivation. 
Bouveyron  (21)  added  2  per  cent  dye  to  1  per  cent  Institut  Pasteur 
tuberculin  (saturated  with  chloroform)  and  exposed  it  for  several  hours 
to  clear  July  sunlight.  Controls  without  dye  and/or  wrapped  in  black 
paper  produced  the  typical  cutaneous  reactions  in  tuberculous  guinea 
pigs,  while  the  sample  irradiated  with  dye  did  not.  The  same  result  was 
attained  by  12  hr.  exposure  to  a  1000-cp.  electric  light  at  20  cm.  distance. 

The  earlier  findings  of  Jacobsohn  (90)  are  in  apparent  conflict  with 
this,  but  his  exposure  of  the  tuberculin  to  diffuse  daylight  for  24  hr.  is 
not  nearly  equivalent  to  Bouveyron's  exposure  of  about  12  hr.  to  direct 


VENOMS,  TOXINS,  ANTIBODIES  353 

sunlight.  An  exposure  to  diffuse  daylight  for  several  weeks  or  months 
might  be  expected  to  produce  inactivation.  Jacobsohn  also  used  a 
different  test:  the  "reaction  precoce"  (Marmorek's  phenomenon);  his 
paper  should  be  consulted  for  details. 

Ultra-violet  radiation  was  used  by  Hausmann,  Neumann,  and  Schu- 
berth  (77),  and  was  found  to  inactivate  tuberculin  in  dilute  aqueous  or 

o 

saline  solution  (0.1  to  10  per  cent,  in  l}^  to  2  hr.) ;  only  light  of  X  <  3250  A, 
approximately,  was  effective. 

No  experiments  appear  to  have  been  made  with  X-rays,  but  Fabre 
and  Ostrovsky  (52,  53)  appear  to  have  demonstrated  a  reduction  in  the 
severity  of  the  symptoms  induced  in  tuberculous  guinea  pigs  when 
irradiated  instead  of  unirradiated  "necrotuberculin"  (Ostrovsky)  was 
used.  (See  page  348  for  certain  critical  reservations  needful  in  the  case 
of  these  papers.) 

Wassermann  antigen  usually  consists  of  a  more  or  less  modified 
extract  of  luetic  organs  or  of  beef  or  other  heart  muscle.  It  is  an  excep- 
tionally ill-defined  material.  Stiner  and  Abelin  (154)  appear  to  have 
been  the  first  to  report  inactivation  of  syphilitic  antigens  by  ultra-violet 
radiation.  A  few  years  later  the  effect  of  intense  ultra-violet  irradiation 
(quartz-mercury-arc  lamp,  220  volts,  3  amp.,  at  7  cm.,  the  temperature 
being  kept  close  to  0°C.)  on  various  antigens  was  reported  in  a  preliminary 
way  by  Friedberger  and  Scimone  (67),  and  in  more  detail  by  Friedberger 
and  Shiga  (68).  Both  luetic-liver  and  guinea-pig-heart  extracts  were 
photosensitive,  the  latter  only  slightly;  40  hr.  irradiation — a  huge  dose — 
was  required  to  inactivate  the  former.  Addition  of  cholesterol  protected 
both,  the  latter  being  then  not  perceptibly  labile.  Another  antigen  was 
"completely  stabile." 

The  antigen  used  by  Brann  (24)  was  not  found  to  be  affected  by  the 
ultra-violet  light  from  a  200- volt,  6-amp.  Kromayer  lamp  at  0.5  to  1.0 
cm.  in  11^4  hr.  This  irradiation  is  short  compared  with  that  used  by 
Friedberger  et  al.,  and  Brann  also  used  cholesterinized  beef-heart  extract 
which,  according  to  these  authors,  is  relatively  insensitive.  Under  these 
conditions  the  discrepancy  of  results  is  to  be  anticipated. 

Brann  was  also  unable  to  detect  any  effect  from  X-rays  (4  to  13  "  E  D  " 
— presumably  erythema  doses)  or  from  suspension  in  a  small  volume  of 
antigen  of  a  capsule  containing  20  to  24.6  mg.  of  RaBr. 

Bacterial  Antigens. — Welch  (162)  and  Megrail  and  Welch  (118) 
have  reported  that  the  antigenic  properties  of  tetanus  toxin  and  of  toxic 
protein-free  filtrates  from  bouillon  cultures  of  bacteria  of  the  colon- 
typhoid  group  are  somewhat  more  stabile  under  ultra-violet  irradiation 
(from  special  "cored"  carbons)  than  are  the  concomitant  toxic  princi- 
ples. In  the  first  case  it  was  possible  to  prepare  an  atoxic  antigen; 
in  the  latter  case  the  toxic  principle  was  inactive  after  40  min.,  but  the 
antigenic  principle,  which  sensitizes  the  skin  to  subsequent  intravenous 


354  BIOLOGICAL  EFFECTS  OF  RADIATION 

injection  of  the  same  filtrate  (the  " Schwartzmami  reaction"),  required 
60  to  70  min.  for  its  inactivation. 

Eberson's  experiments  (47)  on  the  effect  of  ultra-violet  light  on  the 
antigenic  properties  of  living  cultures  of  different  strains  of  meningococci 
are  principally  of  bacteriological  interest.  Brief  irradiation  (1  to  6  min.) 
appeared  to  have  increased,  and  longer  exposures  decreased  the  power  of 
certain  strains  to  act  as  antigens  in  the  production  of  agglutinins  for  other 
strains;  the  author  speaks  of  irradiation  making  the  antigen  "more 
inclusive."  The  experiments  are  difficult  to  interpret  from  a  photo- 
chemical point  of  view.     Additional  controls  would  have  been  desirable. 

Reference  should  also  be  made  to  Hassko's  (76)  ultra-violet  irradiation 
of  B.  typhosus,  B.  enteritidis  (Gartner),  and  B.  dysenteriae  Shiga  with 
partial  loss  of  their  specific  agglutinability,  and  to  Friedberger's  (66) 
report  that  ultra-violet  irradiation  of  trypanosomes  in  diluted  mouse 
blood  in  vitro  destroyed  their  antigenic  property  in  10  min. 

Friedberger  also  reports  (66)  that  sheep  erythrocytes  irradiated 
until  slightly  hemolyzed,  still  bound  the  corresponding  amboceptor, 
thus  retaining  their  antigenic  properties  in  a  certain  measure. 

Fiorini  and  Zironi  (58)  were  unable,  on  the  other  hand,  to  detect  any 
effect  of  X-rays,  either  immediate  or  after  one  to  two  transplants,  on  the 
agglutinability  of  B.  typhosus  by  specific  agglutinins.  The  dosage  and 
type  of  radiation  are  not  clearly  described. 

Protein  Antigens. — Like  the  bacterial  toxins  studied  by  the  same 
author,  ricin  was  found  by  Welch  (162)  to  maintain  its  antigenic  power 
longer  on  exposure  to  ultra-violet  radiation  than  it  did  its  toxic  and 
agglutinating  powers. 

Other  proteins,  such  as  egg  white  or  foreign  sera,  do  not  ordinarily 
display  great  toxicity  on  injection  into  normal  animals  but  do  have 
considerable  antigenic  power  leading  to  precipitin  formation,  sensitiza- 
tion, etc.  It  is,  however,  their  capacity  to  act  in  the  role  of  precipitable 
substance  or  "antigen"  in  the  specific  precipitin  reaction  which  has  been 
studied  in  connection  with  irradiation.  Fleischmann  (60)  found  that 
exposure  of  beef  or  horse  serum  or  egg  white  to  diffuse  daylight  led  to 
delay  or  to  prevention  of  their  precipitation,  provided  eosin,  safranin,  or 
methylene  azure  was  added  before  irradiation. 

The  experiments  indicate  that  only  the  precipitability,  and  not  the 
power  to  "bind"  the  correspondingly  specific  precipitin  was  affected. 
Precipitins  were  also  studied  and  found  to  be  less  stabile  (cf.  page  367). 

Doerr  and  Moldovan  (44)  obtained  essentially  similar  results  with 
ultra-violet  radiation  (Kromayer  lamp  at  5  to  10  cm.),  using  sheep,  ox, 
and  horse  sera.  They  noted  an  increasingly  rapid  loss  of  precipitabihty 
with  increasing  dilution.  The  power  of  these  sera  to  produce  anaphy- 
lactic shock  in  sensitized  animals  was  reduced  at  about  the  same  rate 
as  the  precipitate-forming  power,     Friedberger   (66)   and  Scott   (145, 
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146)  have  also  reported  loss  of  specific  precipitability  by  human  serum, 
and  Hassko  reports  loss  of  precipitability  by  neosalvarsan  for  horse 
serum,  all  as  a  result  of  ultra-violet  irradiation.  In  the  latter  case,  the 
reaction  was  independent  of  free  oxygen  and  was  accelerated  by  passage  of 
bubbles  of  any  gas.  Some  change  of  colloidal  state  is  possibly  the  impor- 
tant factor  here  rather  than  a  chemical  change. 

Anaphylaxis.— An  animal  which  has  received  injections  of  proteins, 
such  as  normal  or  antisera,  may  become  sensitized  so  that  further  injec- 
tions of  the  same  protein  bring  on  characteristic  further  symptoms  of 
what  is  called  anaphylactic  shock,  which  may  lead  to  sudden  death. 
The  injected  protein  may  be  considered  to  be  an  antigen,  both  when  it  is 
used  to  sensitize  an  animal,  and  when  it  is  used  to  induce  anaphylactic 
shock. 

The  ability  of  proteins  to  sensitize  animals  seems  not  to  have  been  the 
subject  of  irradiation  experiments.  The  power  to  induce  anaphylactic 
shock  in  sensitized  animals  is  reduced  by  ultra-violet  irradiation  and 
finally  destroyed,  but  it  appears  to  be  more  resistant  than  almost  any 
other  immunological  property  of  serum;  only  precipitability  by  specific 
precipitins  is  more  resistant  (Baroni  and  Jonesco-Mihaiesti,  14 ;  and  Scott, 
145,  146). 

ALEXIN 

Discussion  of  alexin  or  complement,  as  it  is  often  called,  will  here  be 
directed  first  to  the  hemolytic  function  which  is  exerted  in  conjunction 
with  normal  or  specific  hemolysins  or  amboceptors.  There  are  over 
20  papers  dealing  with  this  subject  alone,  more  than  for  any  other  sub- 
stance dealt  with  in  this  paper.  At  the  end  of  the  section  brief  reference 
will  be  made  to  analogous  cytolytic  properties  of  blood  and  other  body 
fluids.  Attention  will  be  directed  first  to  the  effects  of  different  types 
of  radiation  on  alexin,  with  brief  reference  to  significant  accessory  details, 
and  then  several  papers  having  special  theoretical  bearing  on  the  nature 
of  alexin  and  the  process  by  which  light  inactivates  it  will  be  discussed  as 
a  group. 

Observations. — Visible  light,  both  with  and  without  photodynamie 
sensitizers,  was  found  by  Lichtwitz  (105)  to  inactivate  the  alexin  of  both 
normal  and  specifically  hemolytic  sera  (rabbit  and  goat  antibeef).  This 
is  the  first  recorded  photoinactivation  of  alexin.  Lichtwitz  found  that 
his  "controls"  lacking  eosin  were  about  half  inactivated  by  exposure  of 
16  hr.  to  direct  sunlight.  An  ice  bath  prevented  undue  heating,  which 
would  alone  have  seriously  affected  the  alexin  in  so  long  an  exposure, 
even  if  the  temperature  had  been  only  40°C.  (Madsen  and  Watabiki, 
113.) 

Bovie  (23),  in  studying  the  effects  of  tropical  sunlight  on  alexin, 
maintained  controls  shielded  from  the  ultra-violet  of  wave-length  less 
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than  3000  A  by  glass  containers  and  kept  at  10°C. ;  these  were  about  half 
inactivated  by  1}^  hr.  exposure  to  direct  sunlight. 

In  contrast  to  these  workers,  Jacoby  and  Jacoby  (91)  were  unable 
to  detect  any  effect  of  exposure  to  June  sunshine  at  Davos,  except  once 
when  a  2-hr.  exposure  produced  slight  inactivation. 

No  clear  conclusions  can  be  drawn  from  Ecker's  (48)  attempt  to 
compare  the  effects  of  different  parts  of  the  visible  and  infra-red  spectrum, 
because  the  relative  intensities  are  not  determined. 

No  one  appears  to  have  determined  whether  or  not  oxygen  is  essential 
for  inactivation  by  visible  light,  a  matter  which  would  be  of  considerable 
theoretical  interest. 

Photodynamic  Inactivation. — ^Lichtwitz's  paper  (105)  was  concerned 
primarily  with  photodynamic  effects.  Eosin  was  used  as  a  sensitizer, 
and  8  hr.  in  direct  sunlight  reduced  the  alexin  to  20  to  25  per  cent  of  the 
original  value;  16  hr.  irradiation  reduced  its  activity  to  less  than  5  per 
cent.  Appropriate  tests  showed  that  the  specific  hemolysin  or  ambo- 
ceptor was  much  more  stabile  than  the  alexin  in  the  same  or  in  different 
sera.     Pfeiffer  (126)  obtained  similar  results. 

In  this  connection  Noguchi's  paper  (125)  is  of  very  great  interest  in 
showing  that  hemolytic  substances  such  as  certain  soaps  become  non- 
hemolytic except  for  specifically  sensitized  cells  when  dissolved  in  (heat 
inactivated)  serum  instead  of  water,  and  at  the  same  time  become  thermo- 
labile  and  sensitive  to  photodynamic  inactivation.  The  soap-serum 
mixture  is,  therefore,  an  exceedingly  good  analog  of  alexin  in  at  least 
three  important  respects.     The  analogy  is  worth  remembering. 

Ultra-violet  Radiation. — Bovie's  experiments  (23)  show  that  sunlight 

o 

ultra-violet  (X2800  to  4000  A)  inactivates  alexin,  since  about  half  the 
effect  of  direct  sunUght  was  due  to  light  of  wave-length  less  than  3000  A. 

Baroni  and  Jonesco-Mihaiesti  (13)  exposed  dilute  guinea-pig  serum 
(1  per  cent  in  0.9  per  cent  NaCl)  in  a  layer  only  1.5  mm.  deep  to  the 
light  of  a  110-volt  4-amp.  Heraeus  quartz  mercury  arc  at  16.5  cm.  Its 
alexin  was  inactivated  in  40  to  60  sec.  Undiluted  serum,  on  the  other 
hand,  required  17  to  20  min.  exposure  for  alexin  inactivation.  Alexin 
was  destroyed  in  about  one-sixth  of  the  time  required  to  destroy  a  rabbit 
anti-sheep  amboceptor  of  titer  1 :  500. 

Courmont,  Nogier,  and  Dufourt  (39)  made  a  similar  observation  on 
human  serum,  and,  in  addition,  found  that  there  was  no  difference 
between  irradiation  in  nitrogen,  oxygen,  air  or  in  vacuo.  Small  differ- 
ences would  have  escaped  their  attention. 

Abelin  and  Stiner  (1)  first  observed  alexin  inactivation  under  con- 
trolled temperature  conditions  (10°C.);  earlier  workers  had,  however, 
satisfied  themselves  by  appropriate  controls  or  otherwise  that  heating 
was  not  a  factor  in  their  results.  These  authors  also  showed  how  Bacillus 
coll,  as  well  as  alexin,  was  protected  by  thick  layers  or  high  concentrations 
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of  the  serum  in  which  it  was  suspended,  and  correctly  interpreted  the 
effect  as  due  to  screening. 

The  principal  contribution  of  Delbet  and  Beauvy  (41)  was  the  nega- 
tive one  of  finding  no  correlation  between  alexin  destruction  and  the 
appearance  of  the  ultramicroscopically  observed  particles  in  the  serum. 
These  particles  showed  active  Brownian  movement  and  negative  cata- 
phoretic  charge.  Normal  human  serum,  which  is  hemolytic  for  rabbit 
erythrocytes,  was  used.  This  serum  possesses  not  only  the  alexin 
property,  but  also  another  substance,  a  "normal  hemolysin"  necessary 
for  hemolysis  (cf.  page  365).  Only  the  alexin  was  inactivated  in  Delbet 
and  Beauvy's  experiments,  the  hemolysin  being  more  resistant  to 
irradiation. 

Friedberger  (66),  keeping  his  samples  on  ice  during  irradiation,  was 
unable  to  inactivate  the  alexin  of  dried  and  powdered  serum,  but  did 
inactivate  alexin  in  solution.  He  also  experimented  with  "  M  "  and  "  E  " 
fractions  ("mid-piece"  and  "end  piece")  of  alexin  obtained  by  Lieff- 
mann's  method.  The  separation  was  undoubtedly  very  incomplete, 
and  in  view  of  much  better  work  by  Schubert  (142,  143)  need  not  be 

discussed. 

Neither  Scaffidi  (140)  nor  Heuer  (85)  added  anything  new  in  regard 
to  ultra-violet  irradiation.  The  same  is  true  of  Brann  (24).  Baker 
and  Peacock  (11)  make  an  interesting  estimate  of  the  relative  sensitivity 
of  alexin  and  B.  coli,  the  alexin  being  about  20  times  the  more  rapidly 
destroyed  by  the  light  of  a  70-volt  3-amp.  Cooper-Hewitt  quartz-mercury- 
arc  lamp. 

Diacono  (43)  showed  that  the  specific  hemolysin  in  the  serum  of  an 
immunized  guinea  pig  was  more  stabile  than  the  alexin  of  the  same  serum 
when  exposed  to  ultra-violet  Hght.  Delbet  and  Beauvy  had  previously 
shown  the  same  for  a  normal  hemolysin  in  human  serum. 

X-rays  and  Radium  Rays. — The  earlier  reports  of  attempts  to  inacti- 
vate alexin  by  X-rays  (58,  62,  140)  are  alike  in  their  failure  to  find  any 
effect  and  in  the  absence  of  any  description  of  the  type  or  dosage  of 
radiation  which  gives  any  satisfactory  idea  of  these  factors.  Fiorini  and 
Zironi  come  the  nearest  to  such  a  description  when  they  state  that  the 
source  was  a  "demimous"  tube  at  10  cm.,  and  the  dosage  "5-lOX." 

Schubert  (142)  gives  a  somewhat  better  but  still  meager  description 
of  his  source,  and  reports  slight  alexin  inactivation  in  1  hr.  He  used  a 
Coolidge  tube,  voltage  and  current  not  stated,  and  filtration  through 
1  mm.  Al.  Merlini  (119),  on  the  other  hand,  did  not  find  any  alexin 
destruction  by  X-rays.  His  dosage  amounted  io^ie  to  i^  skin  erythema 
dose  and  the  conditions  described  suggest  that  he  used  "harder"  radiation 
than  did  Schubert;  this  may  account  for  the  disagreement. 

Lusztig  (HI)  is  able  to  give  a  much  better  description  of  his  source 
and  dosage,  the  latter  being  given  in  terms  of  H.E.D.,  1  H.E.D.  being 
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9  mill,  irradiation  at  28  cm.,  through  0.5  mm.  Zn  from  a  tube  operating 
at  200  kv.  and  4  ma.  He  observed  partial  inactivation  of  alexin  by 
doses  ranging  from  0.5  to  4.0  H.E.D.  Unfortunately,  he  omits  mention 
of  the  concentration  or  depth  of  the  irradiated  serum.  For  some  obscure 
reason,  about  the  same  amount  of  inactivation  was  found  at  all  dosages. 
Such  phenomena  are,  however,  not  uncommonly  experienced  by  those 
working  on  alexin,  as  is  illustrated  by  the  work  of  Chambers  and  Russ  (34) 
and  of  Brooks  (28),  referred  to  later. 

Some  doubt  is  cast  on  all  these  results  with  X-rays  by  the  experience 
of  Baermann  and  Linser  (10).  These  workers  X-rayed  serum  containing 
alexin,  and  found  it  to  be  inactivated,  but  when  they  kept  the  serum 
cool,  and  grounded  the  container,  there  was  no  inactivation.  The 
apparent  effect  of  the  X-rays  on  the  alexin  was,  in  reality,  a  result  of 
heating  or  perhaps  of  electrical-discharge  phenomena.^ 

Chambers  and  Russ  (34)  studied  the  effects  of  radium  rays  on  alexin. 
RaBr2  was  used  as  a  source  and  successive  small  volumes  of  serum 
(32.5  mm.^)  were  spread  in  a  layer  about  1.5  mm.  deep  on  the  thin  mica 
plate  overlying  the  thinly  spread  radium  salt.  The  alpha  rays  could 
pass  through  the  mica,  and  were  presumably  absorbed  for  the  most  part 
within  about  20  n  more  or  less,  depending  upon  the  thickness  of  the  mica 
(unstated) ;  the  alpha  particles  from  RaC  would  penetrate  about  20  to 
30  11  further.  The  nature  of  alpha-ray  absorption  is  such  that  no  alpha- 
ray  energy  acted  upon  any  but  this  relatively  thin  layer,  at  most  about 
3  to  4  per  cent  as  thick  as  the  whole  layer.  The  beta  and  gamma  rays 
with  greater  penetrating  power  were  found  to  be  without  appreciable 
effect  under  the  experimental  conditions  obtaining. 

Under  such  conditions  it  is  not  surprising  that  inactivation  of  the 
alexin  was  slow,  about  40  to  45  hr.  being  required  for  half  destruction. 
A  peculiar  feature  of  the  experiment  of  Chambers  and  Russ  is  the  initial 
lag  of  the  inactivation  process.  This  may  have  a  theoretical  significance 
which  will  be  discussed  in  detail  below  in  connection  with  similar  results 
obtained  by  Brooks. 

Brann  (24)  also  observed  slight  inactivation  of  alexin  by  radiations 
from  RaBr2,  but  whether  alpha  radiation  was  involved  is  not  made 
clear. 

Theoretical  Aspects. — It  is  manifestly  impossible  to  discuss  here  the 
whole  physical  chemistry  of  immune  bodies.  The  argument  in  favor  of 
a  simple,  primarily  stoichiometrical  explanation  has  been  forcefully 
presented  by  Svante  Arrhenius  in  his  " Immunochemistry "  and  "Quan- 
titative Laws  in  Biological  Chemistry."  It  is  clear,  however,  from  papers 
by  Madsen  and  his  pupils,  cited  by  Arrhenius,  that  most  toxins  are 
inactivated  by  heat  according  to  quite  definite  laws,  the  time  curve  of 

^  This  is  probably  the  work  sometimes  referred  to  as  that  of  "Burmann  and 
Tinsa." 
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the  process  being  that  of  an  unimolecular  reaction,  i.e.,  an  exponential 
curve  of  the  form 

where  Xo  is  the  initial  strength  of  the  toxin  and  x  is  the  strength  at  time  t. 
Furthermore,  the  effects  of  temperature  on  the  rate  of  inactivation  are 
quite  regular  and  predictable  on  a  physicochemical  basis.  For  alexin, 
these  facts  were  clearly  shown  by  Madsen  and  Watabiki  (113).  It  is. 
therefore,  of  interest  to  examine  the  effects  of  irradiation  on  immune 
bodies  from  this  point  of  view.  Practically  all  the  available  data  concern 
alexin  which  has  been  carefully  studied  by  Brooks  (28)  and  by  Lund- 
berg  (109,  110),  entirely  independently  of  each  other.  The  substantial 
agreement  of  their  findings  has,  therefore,  increased  weight. 

In  both  cases  the  titration  of  alexin  was  carried  out  with  an  accuracy 
not  attainable  with  other  immune  bodies  (26),  determinations  on  a  single 
sample  being  reproducible  to  within  about  1  per  cent.  Triplicate 
irradiations  of  three  samples  of  a  single  serum  gave  the  following  titers 
after  irradiation:  56.8,  54.4,  54.7  (28).  This  will  serve  to  give  an  idea 
of  the  statistical  validity  of  the  results. 

Both  authors  report  that  the  inactivation  of  alexin  by  ultra-violet 
light  is  nearly  independent  of  temperature:  Brooks  gives  Qio  values 
gradually  increasing  over  the  range  from  0°  to  40°C.  from  1.02  to  1.18. 
Lundberg  gives  values  of  ju,  the  so-called  Arrhenius  temperature  charac- 
teristic, varying  between  0.002  and  0.003,  which  corresponds  to  a  Qio 
value  of  about  1.1.  These  values  are  typical  of  photochemical  reactions, 
and  show  that,  at  least  in  the  case  of  ultra-violet  radiation,  the  amount 
of  alexin  inactivated  is  closely  proportional  to  the  amount  of  photo- 
chemical reaction. 

The  course  of  the  reaction  was  found  by  Brooks  (28),  who  irradiated 
solutions  of  guinea-pig  serum  (5  per  cent  in  a  special  physiologically 
balanced  salt  solution),  to  vary  rather  irregularly  from  one  sample  of 
alexin  to  another,  but  to  vary  around  an  exponential  curve.     Table  1 

Table  1. — Values  of  the  Rate  Constant  k  for  Inactfvation   of  Alexin  by 
Ultra-violet  Light,  Calculated  at  Various  Times  during   the  Process, 

AS  FOR  A  Unimolecular  Reaction 

The  values  are  the  means  of  eight  experiments 

{After  Brooks,  28) 

1 
A;  =  -  log  -- 


Exposure,  min.  t        a  —  x 

1  0.026 

2  0.032 
4  0.030 
7  0.028 

10  0.030 

15  0.028 

20  0.028 
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gives  the  values  of  the  term  k  in  the  unimolecular  reaction  isotherm 

k  =  -log  — — 
t         a  —  X 


after  different  exposures,  and  might  be  interpreted  as  showing  that  the 
fundamental  reaction  proceeds  at  a  rate  proportional  to  the  concentration 
of  a  single  disappearing  molecular  species.  Other  possible  interpretations 
are  not  excluded. 

Lundberg  obtained  better  agreement  in  single  experiments  than  did 
Brooks.  This  was  perhaps  due  to  his  irradiation  of  undiluted  serum 
(hog),  since  he  found  dilution  prior  to  irradiation  to  conduce  to  irregu- 
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Fig.   2. — Alexin   titer   as   affected   by   X-rays.     Ordinates:   alexin   titers;   abscissas:   time. 

(After  Chambers  and  Russ,  34.) 

larities  of  titer  and  reaction  rate.  The  reason  for  this  is  not  obvious. 
Both  authors  agree  in  finding  photoinactivation  to  be  fundamentally 
a  photochemical  destruction  of  some  one  substance,  or  possibly  a  group 
of  very  similar  substances  with  the  same  photosensitive  atomic  groupings. 

As  already  mentioned,  Chambers  and  Russ  (34)  found  during  inactiva- 
tion  of  alexin  by  a-rays  an  initial  lag  in  the  process  (Fig.  2).  Similar 
curves  were  found  by  Brooks  for  individual  sera;  in  fact,  in  one  case  a 
large  transitory  increase  of  alexin  titer  was  observed  during  the  first 
3  to  4  min.  Chambers  and  Russ  apparently  did  only  one  experiment,  and 
their  observation  may  well  be  atypical  like  similar  observations  by  Brooks. 
On  the  other  hand,  their  method  of  titration  obviously  permits  errors 
of  at  least  10  per  cent  and  possibly  more  in  individual  determinations  of 
alexin  titer,  and  errors  of  this  magnitude  might  account  for  the  whole 
deviation  of  their  time  curve  from  its  expected  exponential  form.  Diffu- 
sion must  also  be  taken  into  account  in  their  experiments,  since  all  the 
radiation  was  absorbed  in  a  small  part  of  an  unstirred  sample. 

However  this  may  be,  it  is  well  to  bear  in  mind  the  possibility  sug- 
gested by  them,  and  independently  given  in  more  detail  by  Brooks  (29), 
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that  there  exist  in  serum  one  or  more  precursors  of  alexin,  or  related 
substances,  which  become  transformed  into  alexin  by  irradiation,  or 
at  least  reenforce  its  action.  We  use  the  word  "alexin"  here  to  mean  the 
principal  hemolytic  molecular  species  present  in  serum  and  acting  in 
conjunction  with  amboceptors. 

Another  suggestive  fact  is  that  Schubert  (142)  found  the  moist 
globulin  precipitate  or  "mid-piece"  fraction  (cf.  below)  to  have  its 
activity  increased  oftentimes  by  ultra-violet  irradiation. 

Lundberg's  work  also  gives  a  clear  quantitative  statement  of  the 
acceleration  of  inactivation  by  dilution,  the  rate  constant  rising  with 
dilution  from  0.0364  for  undiluted  serum,  through  0.0447  for  33  per  cent, 
to  0.0882  for  10  per  cent  solution.  Brooks'  value  for  5  per  cent  solution, 
namely,  0.030,  is  somewhat  smaller,  probably  because  of  the  use  of  a 
weaker  source  of  radiation  (quartz-mercury  arc). 

That  the  inactivation  of  alexin  by  ultra-violet  radiation  does  not 
depend  upon  free  oxygen  is  apparent  from  Hassko's  (76)  experiments 
on  the  effect  of  bubbling  gases  through  various  dilutions  of  serum  (1  to 
20  per  cent)  during  ultra-violet  irradiation.  Although  alexin  inactivation 
did  proceed  a  little  faster  with  oxygen  than  with  nitrogen,  the  difference 
is,  in  view  of  his  obsolete  and  highly  inaccurate  method  of  titration,  quite 
without  significance.  It  is  unfortunate  that  immunologists  do  not  more 
generally  grasp  the  possibility  of  discarding  their  obsolete  methods  and 
doing  statistically  valid  quantitative  work. 

Lundberg's  mention  of  increased  opalescence  upon  irradiation  suggests 
a  colloidal  or  coagulative  phenomenon.  In  addition  to  the  large  volume 
of  support  which  this  conception  receives  from  other  sources,  we  may 
mention  some  which  are  of  particular  interest  from  the  point  of  view  of 
irradiation. 

Coagulation  of  proteins,  which  are  the  principal  colloids  of  serum,  is 
well  known  to  involve  at  least  two  steps:  denaturation  and  flocculation. 
Both  of  these  may  be  reversible  under  appropriate  conditions."*  Egg 
albumen  is  denatured  by  ultra-violet  light  and  then  flocculates  rapidly 
and  at  first  reversibly  at  room  temperature  (Bovie,  22).  Is  alexin 
similarly  sensitized  so  that  it  goes  on  to  further  destruction  at  room 
temperature?  As  a  matter  of  fact,  alexin  partially  inactivated  by  heat 
may  regain  activity  (Gramenitzki,  71).  This  might  be  thought  of  as  a 
result  of  spontaneous  reversion  of  the  denaturation  phase  of  protein 
coagulation.  Brooks  (27)  was  able  to  confirm  Gramenitzki's  claim  that 
after  heating  there  was  a  regeneration  of  alexin,  but  a  considerable 
number  of  the  same  sera  partially  inactivated  by  ultra-violet  irradiation 
showed  no  evidence  whatsoever  of  either  regeneration  or  of  increased 
sensitization  to  heat  (37°).  Koopman  (100)  has  claimed  to  have  found 
regeneration   after  partial  inactivation   by  ultra-violet   light,   but  his 

*  See,  for  example,  Anson  and  Mirsky  (5,  6). 
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method  of  titration  lacks  accuracy,  and  his  claim  should  not  be  accepted 
until  more  convincing  evidence  is  offered  to  counterbalance  the  more 
extensive  and  more  accurate  determinations  by  Brooks,  or  to  explain 
the  discrepancy. 

These  experiments  do  not  afford  any  ground  for  assuming  that 
colloidal  processes  or  coagulation  play  a  part  in  alexin  photoinactivation, 
but  neither  can  they  be  regarded  as  evidence  to  the  contrary.  Processes 
of  this  type  may  well  go  on  to  irreversible  change  very  rapidly  during 
irradiation,  not  remaining  in  any  unstabile  wholly  or  partially  denaturized 
stage  for  any  appreciable  time.  In  this  connection  it  is  interesting  that 
Hassko  (76)  found  the  effect  of  irradiation  upon  the  fluorescence  of  the 
serum  to  be  affected  by  the  nature  of  the  gases  present  more  than  was 
the  alexin  activity.  This  fluorescence  is  one  of  the  most  sensitive  indices 
of  change  in  proteins  upon  irradiation. 

A  similar  absence  of  any  effect  of  irradiation  was  noted  by  Brooks  (29) 
in  testing  the  inactivating  effects  of  temporary  acidulation.  There  was 
no  difference  between  control  samples  and  irradiated  samples  which 
were,  therefore,  not  sensitized  to  low  pH  conditions.  Nevertheless,  this 
experiment  is  suggestive  in  that  inactivation  occurs  upon  reaching  a 
pH  (4.6  to  4.4)  corresponding  rather  closely  to  the  isoelectric  point  of 
many  globulins. 

Similar  pH  changes  are  involved  in  the  so-called  "fractionation" 
of  alexin  into  a  mid-piece,  or  ''M  piece,"  which  is  the  globulin  fraction 
precipitated  and  redissolved,  and  an  end-  or  "E  piece,"  which  is  the  residual 
fluid  containing  albumens.  This  fractionation  has  been  most  successfully 
done  by  Schubert  (143),  whose  paper  should  be  read  by  anyone  interested. 
His  best  preparations  show  E  piece  to  have  no  hemolytic  power,  and 
M  piece  to  have  very  slight,  if  any,  hemolytic  power  in  salt  solutions; 
M  piece  dissolved  in  heat-inactivated  serum  becomes  somewhat  hemo- 
lytic, and  recombined  with  E  piece  regains  practically  all  its  hemolytic 
power.     Schubert  regards  M  piece  as  the  real  alexin  or  lysin  carrier. 

These  M  and  E  fractions  have  been  the  subject  of  endless  experiment, 
from  which  it  seems  probable  that  M  piece  is  more  sensitive  to  light  than 
E  piece.  Kagawa  (95)  seems  to  have  established  this  fairly  clearly  for 
ultra-violet  light,  and  Koopman  (100)  has  made  similar  observations. 
Schubert  (142)  has  made  a  still  clearer  demonstration  because  of  his 
better  fractionation  of  alexin.  His  M  piece  retained  less  than  3  per  cent 
of  its  activity  (upon  recombination  with  E  piece)  when  given  an  irradia- 
tion which  left  the  E  piece  totally  unaffected  (see  also  Kodama  and 
Shinomiya,   98a). 

These  facts  acquire  increased  significance  when  one  notes  that 
according  to  Young  (166)  purified  serum  albumen  is  many  times  more 
susceptible  to  coagulation  by  ultra-violet  hght  than  the  corresponding 
globulin  fraction.     The  former  corresponds  to  E  piece,  which  is  Uttle 
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affected  by  ultra-violet  light  in  its  hemolytic  properties,  while  M  piece, 
the  globulin  fraction,  is  extremely  susceptible.  Evidently  there  is 
associated  with  the  globulin  fraction  of  serum  a  lytic  principle,  the  true 
alexin,  which  may  be  inactivated  by  light  independently  of  coagulation 
of  the  globulin,  but  which,  nevertheless,  cannot  cause  hemolysis  unless 
the  globulin  is  in  a  certain  very  definite  state  which  depends  upon  pH, 
salts,  other  proteins  {e.g.,  E  piece  and  amboceptor),  etc. 

The  nature  of  this  lysin  or  alexin  proper  is  still  in  question,  but 
Noguchi's  work  (125)  on  emulsions  of  soap  in  protein  sols,  similar  sug- 
gestive experiments  by  Schubert  (142),  and  other  evidence  cited  by 
Brooks  (29)  lead  the  writer  to  the  view  that  the  lysin  itself  probably 
contains  fatty  acids,  probably  unsaturated,  either  as  soaps,  lipins,  or  the 
like.  Irradiation  experiments  have  been  of  considerable  importance 
in  suggesting  and  supporting  such  a  view.  If  this  hypothesis  is  correct, 
the  great  comparative  labiUty  of  alexin  is  probably  due  to  the  presence 
of  a  double  bond  which  is  readily  oxidized  photochemically. 

It  should  be  noted,  however,  that  the  prevailing  opinion  favors  the 
view  expressed  by  Wells  (163)  that  alexin  is  simply  serum  proteins, 
particularly  globuUns,  in  a  particular  physicochemical  and  colloidal 
state. 

Properties  Related  to  Hemolytic  Alexin. — Blood  serum  possesses 
cytolytic  powers  affecting  cells  other  than  erythrocytes.  It  has  not  been 
shown  that  such  properties  are  in  reality  due  to  the  same  substance, 
although  that  would  not  appear  improbable.  Instances  of  destructive 
effects  of  irradiation  on  cytolytic  properties  of  serum  are  not  numerous. 
Busck  (31)  studied  the  toxicity  of  serum  for  paramecia,  caUing  this 
property  alexin,  and  found  it  to  be  destroyed  by  midday  sunlight  when 
fluorescein  dyes,  methylene  blue,  cyanin,  or  anthracene  dyes  were  mixed 
with  the  serum.  The  same  effect  could  be  obtained  by  using  ultra- 
violet Ught  in  the  absence  of  dyes.  Condensed  light  from  a  carbon 
arc  {e.g.,  45  volts,  50  amp.)  was  used,  and  the  inactivation  was  produced 
by  the  Hght  which  could  not  pass  through  glass,  hence  of  wave-length 
X  <  3000  A. 

Eidinow  (50)  reported  that  defibrinated  blood  given  ultra-violet 
irradiation  in  vitro  lost  its  bactericidal  power  for  Staphylococcus  alhus. 
This  loss  of  bactericidal  power  may  represent  alexin  destruction.  It 
would  probably  have  been  much  more  rapid  if  erythrocytes  had  not  been 
present  to  absorb  so  much  of  the  incident  light. 

The  hemolytic  property  of  the  cerebrospinal  fluid  is  apparently  quite 
different  from  alexin;  it  is  not  merely  thermostabile  at  70°C.,  but  upon 
ultra-violet  irradiation  actually  increases  in  amount,  even  when  irradia- 
tion is  carried  far  enough  to  make  the  fluid  deep  brown  in  color  and  to 
smeU  strongly  of  "burnt  skin"  (Danielopolu,  40).  In  the  same  fluid 
there   is,    however,    a   substance   which   protects   erythrocytes   against 
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hemolysis  by  sodium  taurocholate,  and  this  substance,  or  property, 
to  which  no  name  is  given,  is  quite  rapidly  destroyed  by  the  same  irradia- 
tion. This  work  has  been  critically  examined  by  Achard  and  Foix  (2,  3) 
who  find  similar  results  with  blood  serum,  as  to  both  hemolytic  and 
antihemolytic  powers,  when  very  long  exposures  are  given.  They  also 
criticize  Danielopolu's  method  of  titration.  Obviously  we  are  here 
dealing  with  extensive  photochemical  changes  which  lie  outside  of  the 
realm  of  immunology.  More  purely  chemical  methods  of  study  would 
seem  to  be  demanded. 

ANTIBODIES 

Antibodies  may  be  defined  as  sera  or  other  body  fluids  which  have, 
in  response  to  the  introduction  of  toxin  or  other  foreign  substances, 
developed  special  properties,  usually  aiding  to  defend  the  body  against 
further  introduction  of  the  same  agent.  Sometimes  by  rapidly  attacking 
the  agent  they  produce  exaggerated  reactions  such  as  anaphylaxis.  The 
most  important  types  include  specific  hemolysins,  antitoxins,  agglutinins, 
the  syphilitic  antibody  which,  in  the  presence  of  an  appropriate  antigen, 
"binds"  alexin,  precipitins,  etc. 

Specific  Hemolysins  (Amboceptors). — When  erythrocytes  of  one 
species  of  mammal  are  intravenously  injected  into  another,  the  serum 
of  the  latter  acquires,  to  a  high  degree,  the  power  to  hemolyze  the 
erythrocytes  of  the  former.  In  the  presence  of  an  adequate  concentra- 
tion of  alexin,  i.e.,  any  normal  serum,  small  traces  of  serum  from  the 
animal  thus  immunized  will  cause  hemolysis  in  vitro  of  erythrocytes  of 
the  donor  species.  Such  a  serum,  usually  heated  to  inactivate  its  own 
alexin,  is  most  often  called  amboceptor,  from  Ehrlich's  concept  of  it 
as  a  physical  intermediary  between  alexin  and  the  erythrocyte.  Similar 
amboceptors  may  be  present  in  normal  sera  and  are  then  distinguished 
as  normal  hemolysins. 

These  bodies  have  never  been  reported  to  be  affected  by  visible  light, 
either  with  or  without  photodynamic  sensitization,  possible  exception 
being  made  of  studies  by  Yanagihara  (165).  His  brief  note  describes 
the  effects  of  acid  and  alkali  on  the  inactivation  of  a  hemolysin  by  direct 
sunlight,  eosin,  methylene  blue,  or  neutral  red  being  dissolved  in  the 
serum.  Lack  of  details,  especially  as  to  the  nature  of  the  hemolysin, 
make  it  impossible  to  tell  whether  it  was  alexin  or  a  hemolysin  which  was 
inactivated,  or  to  be  sure  just  what  the  results  mean.  Except  for  the 
fact  that  when  hydrochloric  acid  was  added  (pH  not  stated)  methylene 
blue  was  a  relatively  ineffective  sensitizer,  the  data  do  not  show  any- 
thing very  convincingly. 

Definite  negative  evidence  is  given  by  Lichtwitz  (105)  who  failed  to 
find  any  photodynamic  effect  on  a  specific  hemolysin. 
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With  ultra-violet  light  the  situation  is  much  clearer.  It  has  already 
been  noted  that  when  a  serum  containing  both  alexin  and  a  hemolysin 
is  irradiated,  the  alexin  is  destroyed  first  (Delbet  and  Beauvy,  41;  and 
Diacono,  43).  This  corresponds  to  the  relatively  high  thermostability 
of  hemolysin,  and  appears  to  be  borne  out  by  comparisons  of  the  photo- 
sensitivity of  the  two  principles  taken  separately.  This  was  first  pointed 
out  by  Baroni  and  Jonesco-Mihaiesti  (13)  and  confirmed  by  Stiner  and 
Abelin's  two  papers,  one  (1)  on  alexin  and  the  second  (154)  on  ambo- 
ceptor (hemolysin). 

They  found  that,  as  might  be  expected,  it  took  longer  to  completely 
inactivate  hemolysins  of  high  titer,  and  that  diluted  sera  were  more 
quickly  rendered  ineffective.  So  long  as  "complete"  destruction  is 
used  as  an  end  point,  so  long  will  it  be  impossible  to  say  whether  such 
experiments  do  or  do  not  indicate  differences  in  sensitivity  to  irradiation : 
they  may  mean  only  that  it  takes  longer  to  reach  a  given  low  level  of 
titer  from  a  high  start  than  from  some  intermediate  level.  We  cannot 
even  be  sure  that  alexin  is  more  sensitive  to  light  than  are  hemolysins. 
Reaction-rate  constants  (see  page  359)  or  even  the  relative  times  required 
for  a  given  fractional  reduction  in  titer,  say,  to  one-half,  would  have 
given  this  much  needed  information.  We  now  stand  on  most  uncertain 
ground. 

Stiner  and  Abelin  also  found  that  the  normal  hemolysins  of  human 
blood  were  inactivated  by  ultra-violet  light.  Inactivation  was  again 
complete  sooner  than  for  the  specific  hemolysins,  but  whether  because 
of  greater  lability  or  because  of  lower  titer,  it  is  impossible  to  say.  Scott 
(145,  146)  was  the  first  after  Baroni  and  Jonesco-Mihaiesti  to  observe 
inactivation  of  hemolysins  by  ultra-violet  irradiation.  Heuer  (85)  adds 
nothing  new,  and  Hassko  (76)  appears  in  this  connection  to  have  merely 
confirmed  Stiner  and  Abelin's  findings. 

Friedberger  (66),  in  additional  experiments  like  Stiner  and  Abelin's, 
also  tested  the  effect  of  ultra-violet  radiation  on  hemolysin  fractions 
analogous  to  those  obtained  from  alexin-containing  sera.  As  in  the  case 
of  alexin,  the  albumen  fraction  (E  piece  of  alexin)  was  stabile,  while  the 
globulin  fraction  (M  piece  of  alexin)  was  destroyed  by  20  min.  irradiation. 
This  suggestive  finding  has  never  been  made  the  basis  for  further  work  so 
far  as  the  literature  shows,  although  some  further  details  are  given  by 
Friedberger  and  Scimone  (67). 

As  with  alexin.  X-ray  experiments  on  hemolysins  are  inconclusive. 
Negative  results  are  reported  by  Fiorini  and  Zironi  (58,  59),  Scaffidi 
(140),  and  Konrich  (99).  Fiorini  and  Zironi  state  only  the  dosage  used: 
5  to  lOX;  Scaffidi  gives  almost  no  information  as  to  the  source  used; 
Konrich  fails  to  state  voltage.  Lusztig  (HI)  reported  about  %  inactiva- 
tion by  3  H.E.D.,  but  in  view  of  the  findings  of  Baermann  and  Linser  (10) 
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in  regard  to  alexin  (page  358)  one  may  be  permitted  to  doubt  the  finality 
of  Lusztig's  findings. 

There  seem  to  have  been  no  experiments  on  the  effects  of  radium  radia- 
tion on  hemolysins.  Quite  probably,  if  tried,  they  were  not  described 
because  of  lack  of  positive  results. 

Specific  Bacteriolysins. — In  addition  to  normal  bacteriolytic  powers, 
possibly  of  the  alexin  type,  referred  to  above  (page  363),  blood  serum  may 
acquire  specific  bacteriolytic  powers  analogous  to  specific  hemolysins. 
Baroni  and  Jonesco-Mihaiesti  (13)  found  that  such  a  lysin,  from  the  serum 
of  a  cholera-immune  horse,  was  inactivated  by  ultra-violet  irradiation  in 
about  the  same  time  as  a  specific  hemolysin  which  they  also  studied, 
i.e.,  in  7^^  to  9  min.  as  compared  with  4^^  to  6  min.  Heuer  (85)  made 
similar  observations  on  a  rabbit  anticholera  bacteriolysin. 

Syphilitic  Antibody  and  Alexin  Fixation. — Sera  of  patients  with 
active  syphilis  usually  contain  a  principle  whose  protective  powers  are, 
to  say  the  least,  doubtful,  but  which  in  conjunction  with  an  appropriate 
antigen  in  vitro  inactivates  any  alexin  present.  This  inactivation  appears 
to  be  a  variant  of  the  complement  fixation  or  Bordet-Gengou  phenome- 
non, which  results  when  approximately  equivalent  amounts  of  a  specific 
antibody,  e.g.,  antityphoid  serum,  and  its  corresponding  antigen,  in  this 
case  B.  typhosus,  but  not  B.  coli,  or  some  other  species,  are  mixed,  and 
form  a  compound  or  amicronic  precipitate.  This  compound  either 
combines  with  or  adsorbs  alexin,  or  in  some  way  so  affects  the  mixture 
that  its  alexin  property  is  lost.  (Excessive  amounts  of  alexin  are  only 
partially  inactivated.)  Syphilitic  antibody  will  react  with  many  types 
of  antigen,  including  those  devoid  of  any  relation  to  syphilis,  being  thus 
nonspecific  in  contrast  to  true  alexin  fixation.  It  is  regarded  by  some 
authors  as  an  entirely  distinct  phenomenon. 

According  to  Friedberger  and  Scimone  (67),  the  antibody  of  syphilis 
is  destroyed  by  ultra-violet  irradiation;  but  Brann  (24)  was  unable  to 
detect  any  such  effect.  Both  papers  include  experiments  on  normal 
sera,  which  were  not  so  altered  by  irradiation  as  to  give  any  alexin  fixa- 
tion ("positive  Wassermann  reaction").  Hassko  (76),  using  irradiation 
even  weaker  than  either  of  the  above,  reports  that  syphilitic  antibody  was 
inactivated.  It  seems  probable  that  this  is  true,  and  that  Brann  was 
mistaken  in  claiming  the  contrary.  Friedberger  and  Scimone  (67)  also 
report  both  fractions,  analogous  to  alexin  M  and  E  pieces,  to  be  more 
affected  by  irradiation  than  the  controls.  In  another  experiment  they 
destroyed  by  ultra-violet  irradiation  the  normal  ability  of  rabbit  serum 
to  act  like  syphilitic  antibody. 

Brann  (24)  also  tried  to  inactivate  syphilitic  antibody  by  X-  and 
radium  radiation :  X-rays  up  to  13  erythema  doses  had  no  effect  on  either 
positive  or  negative  sera  ("Metrorohr,"  voltage  and  amperage  not 
given,  filtration  through  3  mm.  Al).     Radium  also  had  no  effect,  capsules 
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containing  20  to  24.6  mg.  RaBr2  being  suspended  in,  or  close  to,  the  sera. 
No  information  is  given  as  to  whether  alpha  rays  could  reach  the  sera  or 
not.  This  lack  of  information  also  vitiates  the  experiments  of  Fried- 
berger  and  Shiga  (68)  who  used  85  mg.  of  RaBr2  "in  a  metal  capsule  in 
needle  form  2  cm.  long"  (translation  mine).  These  authors  claim  to 
have  found  some  weakening  of  syphilitic  antiserum,  the  process  continu- 
ing after  the  end  of  irradiation.  But  the  omission  of  essential  details, 
such  as  the  composition  of  the  radiation  incident  on  the  serum,  robs  both 
of  these  papers  of  most  of  their  meaning. 

Other  complement -fixing  antibodies  have  been  shown  to  be  destroyed 
by  ultra-violet  irradiation  in  vitro,  e.g.,  cholera  antiserum  [Baroni  aiwl 
Jonesco-Mihaiesti  (13) J. 

Precipitins  may  be  thought  of  as  antibodies  which  form  a  visible 
precipitate  instead  of  the  supposed  compound  or  amicronic  precipitate 
responsible  for  alexin  fixation.  This  property  is  destroyed  by  photo- 
dynamic  irradiation,  according  to  Fleischmann  (60),  and  possibly  also  to  a 
very  slight  extent  by  visible  light  alone.  He  also  considered  that  oxygen 
may  be  essential,  but  this  point  was  left  unproven.  The  precipitins 
tested  were  rabbit  sera  precipitating  beef  or  horse  sera  or  egg  white; 
sensitizers  were  eosin  or  safranin,  0.5  per  cent,  or  methylene  azure, 
0.01  per  cent;  8  hr.  illumination  resulted  in  complete  inactivation. 
Fleischmann  also  showed  that  irradiated  precipitin,  even  if  incapable  of 
producing  a  precipitate,  still  combined  with  or  otherwise  so  affected 
the  precipitable  substance  that  it  could  not  be  precipitated  by  the  addi- 
tion of  nonirradiated  precipitin.  When  the  precipitable  substance  was 
irradiated  a  similar  situation  resulted. 

Doerr  and  Moldovan  (44)  also  used  rabbit  anti-egg  white  serum,  and 
found  it  to  be  inactivated  by  a  few  hours'  ultra-violet  irradiation  from 
a  Kromayer  quartz-mercury-arc  lamp.  The  first  effect  of  irradiation 
was  more  in  the  nature  of  retarding  precipitate  formation  than  of  reducing 
the  amount;  but  in  time  the  amount  of  precipitate  formed  was  also 
reduced  and  finally  no  precipitate  formed.  The  proper  understanding  of 
this  retardation  effect  is  important  for  titration  of  irradiated  precipitins. 

Lusztig  (111)  was  unable  to  affect  rabbit  anti-horse  serum  albumen 
precipitins  by  X-radiation  up  to  10  H.E.D. 

Agglutinins  are  antibodies  which  precipitate  bacterial  or  other  cells, 
and  are,  therefore,  related  to  precipitins.  There  seems  to  be  no  record 
of  their  inactivation  by  visible  or  photodynamic  irradiation,  but  pre- 
sumably this  would  occur  since  they  are  easily  affected  by  shorter  wave- 
lengths. This  was  first  shown  by  Dreyer  and  Hanssen  (46)  who  made  a 
special  study  of  the  course  of  the  inactivation  process.  Table  2  shows 
the  extraordinary  agreement  which  they  found  between  experiment  and 
theory,  assuming  the  reaction  to  follow  a  unimolecular  reaction  isotherm. 
Unfortunately  they  do  not  describe  their  method  of  agglutinin  titration, 
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Table  2. — Observed  and  Calculated  Titers  of  B.  coli  Agglutinin  at  Various 

Times  during  Inactivation  by  Ultra-violet  Light  * 

After  Dreyer  and  Hanssen  (46) 


Time,  min. 

Observed 
titer 

Calculated 
titer 

0 

350 

(350) 

10 

264 

267.4 

20 

205 

204.2 

30 

156 

156.0 

40 

120 

119.1 

50 

91 

91.0 

60 

70 

69.5 

90 

32 

31.0 

120 

13 

13.8 

*The  calculated  titers  are  based  upon  the  assumption  that  the  reaction  follows  the  unimolecular 
reaction  isotherm,  namely,  k  =  1/t  log  [a/(a  —  x)],  where  a  is  the  initial  titer,  a  —  x  the  titer  at  any 
time,  t;  and  k  a  constant. 

and  it  hardly  seems  probable  that  they  could  have  obtained  values 
accurate  to  the  third  significant  figure.  Unless  this  was  so,  the  perfec- 
tion of  the  agreement  must  have  been  more  or  less  fortuitous.  It  should 
be  emphasized  that  this  would  not  invalidate  their  conclusion  that  the 
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3. — The  time  course  of  inactivation  of  typhoid   (x^ — — x)   and  paratyphoid  B 
_o)  agglutinins.      Ordinates  represent  titers  on  a  logarithmic  scale,  and  abscissas 


time  on  an  arithmetic  scale.  If  the  processes  followed  the  course  of  unimolecular  reactions 
the  curves  should  be  straight  lines.      (After  Heuer,  85.) 

inactivation  follows  the  course  of  a  unimolecular  reaction,  as  was  also 
true  for  a  large  group  of  toxins  and  ferments  studied  by  them  at  the  same 
time  (see  page  345). 

Heuer  (85)  has  also  given  time  curves  of  agglutinin  inactivation  by 
ultra-violet  radiation ;  he  used  serum  of  asses  immunized  against  typhoid, 
paratyphoid  B,  and  cholera.  His  results  do  not  accord  very  closely  with 
what  would  be  expected  if  the  reaction  obeyed  the  unimolecular  reaction 
equation.     Figure  3  shows  the  low  degree  of  agreement;  it  is  redrawn 
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after  Heuer's  figures.  It  is  possible  that  Heuer's  use  of  diluted  sera 
(1  or  0.1  per  cent)  may  have  been  responsible  for  his  irregular  results,  just 
as  Lundberg  (110)  states  to  be  the  case  with  alexin  (see  page  360). 

Baroni  and  Jonesco-Mihaiesti  (13)  exposed  horse  anticholera  serum  to 
ultra-violet  light  and  found  that  it  lost  its  agglutinin  property  in  18  to 
20  min.,  which  was  about  double  the  exposure  required  to  inactivate  the 
bacteriolysin  of  the  same  serum.  In  their  second  paper  (14)  the  same 
authors  make  a  detailed  comparison  of  the  agglutinin  of  an  antityphoid 
serum  with  its  power  to  produce  anaphylactic  shock.  The  latter  was 
more  resistant  to  ultra-violet  light. 

Hassko  (76)  gives  various  details  as  to  the  relation  of  original  titer 
and  dilution  to  the  rate  of  inactivation  by  ultra-violet  light,  and  by 
absorption  on  dead  bacteria,  separates  a  residual  "0"  agglutinin  from  an 
absorbed  "  H  "  agglutinin  which  is  the  more  resistant  to  irradiation.  The 
agglutinins  used  were  active  against  Bacillus  enteritidis  Gartner,  B. 
typhosus,  and  B.  dysenteriae  Shiga,  and  had  titers  varying  from  1600  to 
50,000. 

X-radiation  was  found  not  to  affect  agglutinins  against  either  B. 
typhosus  or  B.  pullorum.  Fiorini  and  Zironi  (59)  exposed  the  former  to 
doses  up  to  10  X,  and  Lusztig  (HI)  exposed  the  latter  to  as  much  as 
5H.E.D. 

Skrop  (149)  records  a  decrease  in  typhoid  agglutinin  titer  produced 
by  beta  radiation,  and  an  increase  produced  by  alpha  radiation  (149a). 
He  attributes  these  effects  to  decrease  or  increase  in  positive  charge  on 
agglutinin  particles  (micelles?)  due  to  the  absorption  of  negatively  or 
positively  charged  beta  or  alpha  particles  respectively.  The  evidence 
and  the  conclusions  are  most  suggestive. 

Phagocytosis  and  Opsonins. — It  is  sometimes  difficult  to  distinguish 
here  between  effects  on  leucocytes  and  effects  on  opsonins,  which  are 
defined  as  antibodies  facihtating  the  phagocytosis  of  a  particular  type  of 
cell.  Thus  Reiter's  paper  (137)  records  that  radium  radiation  of  blood 
increased  its  phagocytic  power;  the  effect  may  have  resulted  from  changes 
in  either  leucocytes  or  serum.  The  work  of  Chambers  and  Russ  (34) 
makes  it  appear  probable  that  the  increase  was  due  to  effects  on  leuco- 
cytes, since  all  that  Chambers  and  Russ  could  find  upon  a-radiation  of 
serum  alone  was  a  progressive  loss  of  opsonin.  Their  technique  has  been 
described  above  (see  page  358)  and  the  effect  was  here  again  due  solely 
to  a-radiation,  the  /3-  and  7-rays  being  without  effect.  The  course  of 
opsonin  inactivation  was  approximately  that  of  a  unimolecular  reaction, 
or,  as  the  authors  say,  "of  a  general  exponential  type."  But  the  titer 
was  taken  as  the  ratio  between  the  number  of  bacteria  ingested  per  leuco- 
cyte in  the  irradiated  citrated  plasma  and  the  corresponding  number  in 
the  controls.  This  method  is  with  justice  considered  by  the  authors 
theoretically  vulnerable,  and  they  accordingly  caution  against  accepting 
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the  idea  that  the  process  of  inactivation  of  opsonin  by  a-radiation  follows 
"rigorously"  the  course  of  a  unimolecular  reaction.  Nevertheless,  in 
view  of  similar  findings  in  the  case  of  alexin  (Brooks,  Lundberg)  and 
various  venoms,  toxins,  and  immune  bodies  (Dreyer  and  Hanssen),  this 
observation  of  Chambers  and  Russ  seems  significant. 

Anaphylaxis. — Presumably  when  serum  from  a  specifically  sensitized 
animal  is  injected  into  a  normal  animal  and  induces  the  same  type  of 
anaphylactic  sensitization  in  this  animal,  the  effect  is  to  be  attributed  to 
something  analogous  to  an  antibody.  Doerr  and  Moldovan  (44) 
irradiated  the  serum  of  a  rabbit  sensitized  to  egg  white,  and  found  that  it 
had  lost  this  power  to  confer  passive  sensitivity.  This  effect  of  ultra- 
violet radiation  was  rather  slow,  complete  destruction  requiring  several 
times  as  long  an  irradiation  as  for  the  anaphylactic  toxicity  of  the  same 

serum. 

Antitoxins. — Sera  which  protect  animals  against  toxins,  either  from 
actual  infections  or  injected,  are  called  antitoxins.  They  appear  to  com- 
bine with  toxins  in  vitro  with  resulting  detoxication,  and  there  is  con- 
siderable evidence  that  the  combination  is  stoichiometric. 

Photodynamic  inactivation  of  antitoxins  was  briefly  mentioned  by 
Tappeiner  and  Jodlbauer  (155),  and  Huber  reported  inactivation  of 
diphtheria  and  tetanus  antitoxins  by  4  hr.  exposure  to  sunlight,  eosin 
being  present;  free  oxygen  was  necessary  as  for  the  corresponding  toxins, 
already  mentioned. 

Ultra-violet  radiation  inactivates  diphtheria  antitoxin  (Baroni  and 
Jonesco-Mihaiesti,  13;  Scott,  146).  Particular  interest  attaches  to 
Scott's  experiment  which  was  made  in  the  hope  that  the  danger  of 
anaphylactic  shock  as  a  result  of  injecting  antitoxic  sera  might  be  reduced 
by  ultra-violet  irradiation  of  the  antitoxin.  It  transpired,  however,  that 
the  antitoxic  property  was  destroyed  first,  leaving  the  serum  still  able  to 
produce  anaphylactic  shock.  Scott  (145),  in  an  abstract  of  a  paper  read 
before  the  Pathological  Society,  gives  several  further  details  as  to  coagu- 
lability, salting  out,  and  ionization  of  the  serum  proteins,  particularly  the 
globulin  fraction.  The  report  is  so  condensed  as  to  make  undesirable 
an  extended  consideration  of  the  hypotheses  advanced. 

Lusztig  (HI)  failed  to  find  any  significant  effect  of  X-rays  on  tetanus 
antitoxin,  even  when  10  erythema  doses  were  given. 

Fermi  (55)  allowed  direct  sunlight  to  act  on  horse  antirabies  serum  for 
10  to  100  hr.  He  found  that  the  longer  the  serum  was  irradiated,  the 
more  quickly  after  infection  of  mice  with  rabies  virus  was  it  necessary  to 
inject  the  antiserum  in  order  to  keep  the  mice  alive.  Insolation  for 
100  hr.  made  the  antirabies  serum  totally  inactive. 

IRRADIATION  IN  VIVO 
The  irradiation  of  animals  may  have  either  direct  or  indirect  effects 
upon  the  immune  properties  of  their  blood  plasma.     Earlier  workers  in 
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some  cases  interpreted  their  observations  in  terms  of  direct  effects  of  the 
radiation  on  circulating  immune  substances.  This  interpretation  hardly 
seems  justified  in  view  of  more  recent  work  on  the  role  of  the  reticulo-endo- 
thelial  system  in  immune  phenomena,  and  the  practical  certainty  that  at 
least  some  parts  of  this  system  will  be  affected  by  any  type  of  irradiation. 
Jaffe  (92)  has  recently  reviewed  the  relation  between  the  reticulo-endo- 
thelial  or  macrophage  system  and  immune  phenomena,  and  it  need  not 
be  further  discussed  here.  The  whole  subject  of  irradiation  in  vivo  is  so 
involved  with  the  theories  of  immunity  that  it  cannot  be  adequately  con- 
sidered here,  but  it  is  of  such  theoretical  and  therapeutic  importance  that 
a  cursory  survey  and  bibliography  are  given.  The  latter  is  certainly  far 
from  complete,  but  the  nature  of  the  evidence  is  such  that  no  one  paper 
is  of  great  importance:  it  is  only  by  the  agreement  of  many  papers  that 
possibility  becomes  probability.  It  is  probably  not  too  much  to  say  that 
there  is  no  single  paper  whose  conclusions  are  based  upon  statistically 
adequate  data:  most  of  them  are  pitiably  inadequate.  Under  such 
circumstances  disagreement  and  confusion  need  cause  no  surprise.  And 
under  such  circumstances  it  does  not  seem  worth  while  to  assemble  all 
the  available  references,  even  though  doubtless  there  have  been  experi- 
ments along  some  lines  which  are  here  not  touched  upon. 

The  different  groups  of  immune  bodies  may  best  be  considered  here 
about  as  above,  except  that  the  few  references  to  toxins  and  antigens 
will  be  treated  in  connection  with  their  corresponding  antibodies. 

ALEXIN 

There  seem  to  have  been  practically  no  experiments  on  the  effect  of 
visible  light  alone.  Pincussen  (132,  page  415)  refers  briefly  to  unpub- 
lished tentative  experiments  by  Lippmann  and  himself  on  guinea  pigs 
with  and  without  previous  injection  of  eosin  as  a  photodynamic  sen- 
sitizer. Without  dye  no  effect  was  observed,  but  with  dye  the  alexin 
content  of  the  serum  decreased. 

Mixed  visible  and  ultra-violet  radiation  was  studied  by  Huntemiiller 
(88)  who  exposed  healthy  persons  to  general  irradiation  from  Jesionek 
(quartz  mercury)  lamps  long  enough  to  cause  moderate  erythema.  He 
claims  to  have  observed  a  transient  increase,  a  subsidence,  and  a  second- 
ary increase  to  2  to  3  times  the  normal  alexin  titer.  The  paper  is 
statistically  very  weak  but  derives  some  support  from  similar  results 
obtained  previously  by  Koopman  (100)  with  guinea  pigs.  Koopman  also 
noted  an  alexin  decrease  if  irradiation  was  prolonged. 

As  to  X-rays,  the  results  are  conflicting.  Quadrone  (135,  136)  in 
two  papers  gives  scantily  supported  evidence  that  weak  daily  doses  lead 
to  alexin  increase  in  man  and  experimental  animals.  This  is  supported 
by  Manoukhine's  experiments  (114,  115)  upon  which  he  based  a  theory  of 
the  mechanism  of  immunity  which  is  now  not  accepted.  (See  Manou- 
khine,  116.)     Manoukhine  thought  that  X-rays  caused  leucocytolysis, 
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and  that  alexin  and  antibodies  were  thus  hberated  into  the  blood  stream. 
Bauer  (15)  and  Heeren  (79)  do  not  confirm  these  results.  Bauer's 
clinical  data  include  no  statement  of  dosage,  but  Heeren's  dose,  at  least 
in  the  case  of  the  one  rabbit  used,  was  bigger  than  Manoukhine's : 
3  H.E.D.  (which  is  roughly  equivalent  to  9  H.)  as  compared  with  0.5  H., 
and  was  given  but  once  and  Manoukhine's  daily. 

Lusztig  reports  one  experiment  on  one  guinea  pig  w^hich  received  an 
X-ray  dose  of  0.5  H.E.D.  and  the  next  day  had  an  alexin  titer  0.4  of  its 
previous  value  (111).     This  is  not  very  satisfying  evidence. 

The  data  neither  prove  nor  exclude  the  possibility  that  the  alexin 
content  of  the  blood  is  increased  by  moderate  ultra-violet  or  X-irradia- 
tion;  apparently  fatal  or  nearly  fatal  doses  decrease  it  (Koopman,  100; 
Quadrone,  136). 

ANTIBODIES 

Specific  Hemolysins 

The  treacherous  nature  of  the  evidence  available  in  all  experiments 
with  irradiation  in  vivo  is  aptly  illustrated  by  the  papers  of  Konrich  (99) 
and  of  Bessemans  and  coworkers  (18,  19)  on  specific  hemolysins  and  other 
antibodies.  Both  used  approximately  erythema  doses  from  therapeutic 
quartz-mercury-arc  lamps  on  shaven  rabbits;  both  used  as  antigens  sheep 
erythrocytes  and  killed  B.  typhosus;  both  used  a  considerable  number  of 
animals  (5  to  12)  for  each  experimental  group,  and  both  kept  control 
nonirradiated  groups  for  comparison.  These  are  distinctly  the  most 
careful  of  the  papers  on  hemolysins,  and  yet  Konrich  (99)  finds  hemolysins 
distinctly  increased,  and  typhoid  agglutinins  not  certainly  affected  or  if 
anything  retarded,  while  Bessemans  and  Nelis  (18)  find  no  effect  on 
hemolysins,  and  Bessemans  and  Seldeslachts  (19)  a  distinct  increase  in 
typhoid  agglutinins.  The  contradiction  is  perfect.  All  that  the  reviewer 
can  do  is  to  assume  that  both  sets  of  data  are  statistically  inadequate, 
and  that  nothing  has  been  proven. 

Several  investigators  found  under  some  conditions  of  X-irradiation  an 
increased  hemolysin  titer  at  some  time  (Manoukhine,  114;  Konrich,  99; 
Lusztig,  111).  Lusztig  found  repeated  irradiation  to  lead  finally  to 
partial  or  complete  loss  of  hemolysin.  Hektoen  (81,  82)  found  only  a 
loss,  which  was  specially  marked  when  irradiation  preceded  antigen 
injection,  presumably  injuring  the  reticulo-endotheUal  system  so  that  it 
could  no  longer  react  effectively  to  the  subsequent  injection  of. antigen. 
Fiorini  and  Zironi  (58,  59)  obtained  only  negative  results.  Negative 
results  were  also  obtained  with  alpha  radiation  from  injected  thorium 
X  in  various  doses  of  the  order  of  magnitude  of  15  e.s.u.  per  kg.  in 
rabbits  (Lippmann,  106). 

It  is  evident  that  sufficiently  heavy  dosage  of  any  of  these  agents  will 
inhibit  antibody  production,  and  it  is  not  impossible  that  appropriate 
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irradiation  after  immunization  is  in  progress  may  increase  the  titer  of  the 
free  circulating  hemolysin  in  the  blood,  even  if  only  temporarily.  This 
effect  is  perhaps  analogous  to  the  effects  of  injections  of  certain  chemical 
reagents  such  as  pilocarpin  on  antitoxins  (Salomonsen  and  Madsen,  139) 
or  MnCU  on  antitoxins  (Walbum,  160)  and  hemolysins  (Walbum  and 
Schmidt,  161).  It  is  impossible  with  the  information  given  to  draw  any 
conclusions  as  to  the  dosages  most  favorable  for  demonstrating  stimula- 
tion or  inhibition. 

There  is  no  basis  for  concluding  that  hemolysins  once  formed  are 
directly  affected  in  vivo  by  irradiation  of  any  kind. 

Bacteriolysins,  Phagocytosis  and  Opsonins 

Bacteria  in  blood  may  become  incapable  of  colony  production  because 
the  plasma  kills  them  or  because  under  the  influence  of  opsonins  they  are 
ingested  and  killed  by  leucocytes.  Although  these  may  be  independent 
processes  there  are  so  many  experiments  which  do  not  separate  the  two 
that  they  are  here  considered  as  a  group. 

Azzi  (9)  interpreted  his  experiments  on  guinea  pigs  as  showing  that 
ultra-violet  irradiation  of  infected  wounds  promoted  both  bacteriolysis 
and  phagocytosis;  overexposure  decreased  the  latter. 

Colebrook  (35)  observed  an  increase  in  the  bactericidal  power  of  blood 
on  exposure  of  normal  and  pathological  men  to  sunlight.  Since  serum 
did  not  show  this  change,  he  attributed  it  to  an  effect  on  phagocytosis, 
but  in  a  later  paper  with  Eidinow  and  Hill  (36)  a  slight  effect  on  the 
bactericidal  power  of  serum  was  also  claimed  to  occur  in  rabbits  exposed 
to  ultra-violet  light  or  other  irritants  producing  erythema.  Genner  (69) 
disagreed  with  these  findings  on  serum  and  blood  of  ultra-violet-irradiated 
rabbits  and  men,  but  Eidinow  (50)  appears  to  have  presented  fairly  clear 
evidence  of  the  reality  of  the  effect  provided  overdosage  is  avoided.     No 

o 

significant  effect  was  produced  by  light  of  X  >  3100  A,  unless  eosin  or 
hematoporphyrin  was  injected  to  produce  photodynamic  effects;  while 

o 

increases  up  to  65  per  cent  resulted  when  light  of  X  2500  to  3100  A  was 
used  in  dosages  producing  mild  erythema.  Bannerman  (12)  also 
obtained  results  supporting  the  conclusions  of  Colebrook  and  of  Eidinow. 
The  promotion  of  the  bactericidal  power  of  blood  by  ultra-violet 
irradiation  appears  probable  insofar  as  the  production  of  substances  or 
conditions  promoting  phagocytosis  is  concerned,  but  doubtful  with 
respect  to  an  increase  in  bacteriolysins.  However,  even  the  former  is 
subject  to  some  reservation,  since  Pincussen  (133)  was  able  to  observe 
a  greater  proportion  of  phagocytes  active  in  vitro  after  irradiation  of 
guinea  pigs  with  infra-red  or  long-wave-length  visible  light  (X  >  7000  A) 
while  the  visible  and  near  ultra-violet  portion  of  the  light  from  the 
"Vitalux"  lamp,  i.e.,  X  2800  to  7000  A,  was  inactive.  Dark  heating  led 
to  similar  results  (cf.  Liidke,  108).     In  Eidinow's  and  Colebrook's  experi- 
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ments  heating  of  the  blood  close  to  the  body  surface  as  a  result  of  infra- 
red components  of  the  light  used  may  not  have  been  avoided.  It  may 
well  account  for  their  results. 

It  is  not  certain  whether  similar  criticism  might  not  be  directed  at 
X-ray  experiments  also,  but  here  there  is  more  pronounced  leucocytosis 
or  leucopenia  depending  on  the  dosage  and  the  region  irradiated. 
Increase  in  bacteriolytic  power  was  reported  by  Manoukhine  (114), 
Heidenhain  and  Fried  (80),  and  Fried  (65).  Relatively  small  doses  were 
given  in  all  these  cases,  much  less  than  an  erythema  dose.  Both  human 
and  laboratory  animal  studies  are  included.  Lawen  (103)  found  no 
effect,  perhaps  because  of  the  dosage  he  used  which  was  apparently 
rather  higher  than  those  mentioned,  or  because  he  failed  to  make  observa- 
tions at  the  right  time  to  detect  what  is  at  best  a  quickly  transitory  effect. 

Hektoen  (82)  claims  to  have  measured  opsonins  in  sera  of  immunized 
animals,  but  since  he  nowhere  makes  any  explicit  statement  and  his 
tables  refer  either  to  hemolysin  or  to  ''antibody"  otherwise  unspecified, 
we  can  only  guess  his  findings  by  analogy  with  those  on  hemolysin.  If 
the  analogy  is  valid,  massive  X-ray  doses  after  immunization  have  no 
effect,  as  found  by  earlier  workers;  but  heavy  doses  some  days  preceding 
immunization  impede  or  prevent  opsonin  formation. 

The  work  of  Dresel  and  Freund  (45)  on  "plakin,"  the  B.  anthracis 
lysin  of  sera  of  horses,  rabbits,  etc.,  appears  to  refer  to  something  other 
than  a  bacteriolysin.  At  best  the  bacteriolysins  studied  by  all  these 
workers  seem  to  be  far  from  specific  in  their  action  (cf.  65). 

Several  workers  have  noticed  increased  resistance  of  patients  or 
laboratory  animals  to  purulent  infections  after  X-irradiation,  and  suggest 
increased  bactericidal  power  of  the  blood  as  a  probable  reason.  It  is 
not  clear  how  such  cases  should  be  classified,  and  the  evidence  is  far  from 
convincing  (Manoukhine,  114,  115;  Serena,  147;  Lusztig,  111;  also,  for 
thorium  X,  Lippmann,  106). 

Changes  in  the  bactericidal  power  of  blood  as  a  result  of  opsonin 
production  or  destruction  by  the  radiations  of  radioactive  substances  do 
not  appear  to  occur,  at  least  when  tolerable  dosages  are  administered 
(Reiter,  137;  Albela,  4). 

Alexin  Fixation  and  Syphilitic  Antibody 

Attempts  to  produce  syphihtic  antibodies  in  the  blood  of  syphilitic 
patients  with  negative  Wassermann  reactions  by  injection  of  thorium  X 
were  unsuccessful  (Lippmann,  106).  At  the  same  time  it  was  not  found 
possible  to  abolish  even  by  fatal  doses  of  ultra-violet  radiation  the  normal 
positive  Wassermann  reaction  of  rabbit  blood  serum  (Friedberger  and 
Scimone,  67). 

Although  Fiorini  and  Zironi  (58,  59)  speak  of  "  Komplement-Ablen- 
kung,"  they  evidently  refer  not  to  deviation  but  to  fixation  of  alexin. 


VENOMS,  TOXINS,  ANTIBODIES  375 

They  were  unable  by  X-irradiation  in  doses  of  about  "16  X"  (about 
3  H.E.D.)  to  affect  this  property  of  typhoid-immune  rabbits. 

Precipitin 

Precipitin  formation  may  be  impeded  or  prevented  by  previous  heavy 
X-irradiation  as  shown  by  Benjamin  and  Shika  (16);  this  was  confirmed 
by  Hektoen  (82).  Benjamin  and  Sluka  also  observed  that  the  injected 
antigen  disappeared  v.ery  slowly  from  the  blood  stream  after  irradiation. 
They  used  single  or  divided  doses  of  60  to  100  H.,  i.e.,  about  20  to  30 
H.E.D.  Leidenfrost's  (104)  failure  to  observe  any  similar  effects  of 
X-irradiation  appears  to  be  referable  to  the  much  lower  dosage  used,  and 
Lusztig's  negative  experiments  (111)  with  exposures  up  to  10  H.E.D. 
after  immunization  confirm  similar  findings  by  the  earlier  workers.  It  is 
evident  that  X-radiation  sufficiently  heavy  to  cause  heavy  injury  to 
the  reticulo-endothelial  system  interferes  with  subsequent  antibody 
production,  but  it  has  not  been  shown  to  have  any  marked  effect  on 
antibody  already  produced. 

Agglutinins 

Visible  and  Ultra-violet  Light. — Staubli  (153)  refers  briefly  to  some 
work  which  he  did  with  v.  Gonzenbach  showing  that  at  high  altitudes 
animals  lost  their  typhoid  agglutinin  more  rapidly  than  at  low  altitudes, 
especially  if  exposed  to  svmlight.  But  this  is  probably  misleading  even 
if  generally  true,  which  seems  doubtful.  Clinical  and  experimental 
studies  of  the  effects  of  exposure  to  a  "Hohensonne"  or  similar  source 
of  visible  and  ultra-violet  light  on  typhoid-agglutinin  titer  lead  to  no 
clear-cut  conclusion.  Hansen  (72)  reported  irradiation  to  increase  the 
titer  of  the  serum  of  tuberculous  patients  who  had  previously  been 
vaccinated  against  typhoid;  and  later  (73)  he  obtained  similar  results 
with  rabbits.  His  experiments  unfortunately  are  open  to  criticism  as  to 
their  statistical  significance.  Bessemans  and  Seldeslachts  (19) ,  confirming 
Hansen,  and  Konrich  (99),  failing  to  confirm,  are,  as  mentioned  above, 
both  of  quite  reasonable  statistical  validity,  and  their  diametric  dis- 
agreement is  difficult  to  explain.  A  possible  clue  lies  in  Potthoff  and 
Heuer's  experiments  (134)  in  which  colored  animals  showed  an  increase, 
and  unpigmented  animals  a  decrease,  as  a  result  of  daily  irradiation  during 
the  development  of  immunity.  Conditions  affecting  the  amount  and 
spectral  distribution  of  the  light  reaching  the  capillary  circulation  may  be 
a  maj  or  disturbing  factor.  On  the  whole  it  seems  likely,  though  unproven, 
that  irradiation  of  this  general  type  can,  under  the  right  conditions, 
promote  high  agglutinin  content  of  the  serum. 

Berntsen's  finding  (17)  that  agglutinins  against  B.  tuberculosis  were 
increased  in  the  sera  of  surgical-tuberculosis  patients  upon  irradiation  is 
based  upon  rather  slender  evidence. 
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X-rays  and  Radioactivity. — Miiller  (122)  claimed  to  have  shown  an 
increase  in  typhoid  agghitinin  in  irradiated  rabbits,  but  his  data  are 
totally  inadequate.  Lawen  (103)  found  either  no  effect  or  an  inhibition 
of  subsequent  agglutinin  formation,  which  is  more  clearly  evident  in  the 
work  of  Frankel  and  Schillig  (64).  Fiorini  and  Zironi  (58,  59)  found 
essentially  the  same.  Nevertheless,  it  was  claimed  by  Manoukhine  (114) 
and  by  Lusztig  (111)  that  small  X-ray  doses  (about  }i  H.E.D.)  increased 
the  typhoid  and  cholera  (Manoukhine)  and  B.  pullorum  (Lusztig)  agglu- 
tinins of  previously  immunized  animals.  Their  evidence  is  not  very 
strong  and  needs  confirmation. 

Irradiation  prior  to  immunization  certainly  inhibits  agglutinin  forma- 
tion as  it  does  that  of  other  antibodies  (Hektoen,  82;  Hempel,  83), 
undoubtedly  as  a  result  of  injury  to  the  reticulo-endothelial  system. 

On  the  clinical  side  Kaznelson  and  Lorant  (96),  like  Manoukhine  (114) 
and  Lusztig  (111),  claim  to  have  found  that  small  X-ray  doses  adminis- 
tered during  the  falling  phase  of  typhoid  agglutinin  titer  may  lead  to  a 
temporary  arrest  of  the  fall,  or  even  to  an  increase. 

This  is  essentially  what  was  found  by  Schiitze  (144)  when  he  allowed 
rabbits  to  breathe  radium  emanation  or  injected  radium  salts  in  small 
doses,  and  also  agrees  with  Lippmann's  (106)  observation  on  the  effect  of 
injecting  thorium  X.  Frankel  and  Gumpertz  (63)  find  no  effect  with 
small  doses  of  thorium  X,  and  a  decrease  with  large  doses.  This  may  be 
because  their  thorium  X  was  not  administered  at  the  right  time. 

On  the  whole  there  appears  to  be  reason  to  suspect  that  small  doses  of 
X-radiation  or  radioactivity  given  during  the  falling  phase  of  agglutinin 
titer  may  give  rise  to  a  temporary  increase.  Irradiation  before  immuniza- 
tion leads  to  no  change  unless  the  dosage  is  large,  and  then  only  to  an 
inhibition  or  prevention  of  agglutinin  formation. 

Antitoxins 

Many  supposed  cases  of  protection  of  animals  against  disease  by 
irradiation  have  been  attributed  to  effects  on  antitoxin  production.  Here 
again  as  in  the  case  of  bacteriolysis  (see  above)  the  mechanism  is  obscure. 
Other  explanations  may  be  offered,  such,  for  example,  as  the  accelerated 
inactivation  of  toxins  produced  by  momentary  heating  of  the  blood  as  it 
passes  through  the  irradiated  region.  Sonne  (150,  151,  152)  regards  this 
as  almost  certainly  the  only  cause  of  the  protection  afforded  by  visible 
light  when  guinea  pigs  are  given  a  lethal  dose  of  diphtheria  toxin  and  then 
irradiated.  Sonne  used  a  50-volt,  70-amp.  carbon  arc,  condensing  the 
light  and  filtering  it  to  eliminate  most  of  the  infra-red  and  ultra-violet 
light.  This,  he  points  out,  raises  the  blood  stream  to  47  to  48°C.  as  it 
passes  close  to  the  surface  of  the  body,  and  he  calculates  that  a  2-hr. 
irradiation  would  destroy  as  much  toxin  as  a  whole  day  of  general  fever. 
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of  42°C.  Since  toxin  inactivation  is  accelerated  enormously  more  than 
the  toxic  effect  itself  in  the  range  between  body  temperature  and  47°C., 
this  artificial  fever  should  have  increased  the  length  of  survival  of  the 
guinea  pigs  used.  Experiments  showed  that  the  mean  length  of  life 
of  the  animals  was:  irradiated,  8.8  days;  control,  3.5  days.  This  Sonne 
believed  to  mean  that  40  per  cent  of  the  toxin  had  been  destroyed.  Other 
explanations  he  thought  had  only  a  speculative  basis. 

However,  Liidke  (108)  among  others  has  shown  that  warming  increases 
the  amount  of  certain  antibodies  in  the  blood  stream  of  immunized  ani- 
mals, and  in  particular  notes  this  for  diphtheria  agglutinin. 

Colebrook,  Eidinow,  and  Hill  (36),  as  well  as  Hartley  (74),  were 
unable  to  find  any  effect  of  visible  or  visible  plus  ultra-violet  irradiation 
on  the  antitoxin  titer  of  serum  from  animals  immunized  against  diphtheria 
and  then  irradiated.  Since  their  sources  used  only  a  few  hundred  watts 
compared  with  Sonne's  3500,  and  besides  that  were  not  collected  and 
intensified  by  lens  systems,  the  two  sets  of  experiments  are  hardly 
comparable,  and  their  failure  to  find  any  effect  does  not  cast  doubt  on 
Sonne's  findings,  nor  does  it  eliminate  possible  changes  in  antitoxin  titer 
as  possible  participants  in  the  effects  observed  by  him.  Moreover, 
Jodlbauer  and  Tappeiner  (94)^  seem  to  have  given  adequate  proof  that 
photodynamic  irradiation  saves  animals  from  lethal  doses  of  the  toxin 
ricin  by  photochemical  effect,  since  survival  is  possible  only  when  eosin 
has  been  recently  injected  at  the  site  of  toxin  injection.  Elsewhere  it  has 
relatively  little  effect.  Accordingly  we  are  also  led  to  suspect  the 
participation  of  direct  photochemical  inactivation  of  toxin  in  Sonne's 
experiments.  Nevertheless,  the  probable  participation  of  other  mecha- 
nisms must  not  lead  us  to  forget,  here  or  elsewhere,  that  the  action 
postulated  by  Sonne  is,  qualitatively  at  least,  inevitable ;  it  occurs  regard- 
less of  the  modifying  effects  of  other  simultaneous  processes. 

Gerhartz  (70),  too,  adopted  the  explanation  that  toxin  was  destroyed 
in  vivo  by  irradiation,  this  time  with  X-rays,  to  explain  the  longer  survival 
of  rabbits  given  a  lethal  dose  of  diphtheria  toxin  and  then  irradiated. 
The  conclusiveness  of  his  data  was  attacked  by  Morgenroth  (120)  and 
the  ensuing  polemics  add  little  to  our  knowledge  but  uncertainty.  In  any 
event,  the  considerations  mentioned  above  for  visible  light  apply  here 
also. 

Lusztig  (111)  was  unable  to  find  that  X-rays  afforded  any  protection 
against  diphtheria  toxin  alone,  although  small  doses  did  seem  to  lengthen 
the  life  of  animals  given  fatal  injections  of  a  toxin-antitoxin  mixture,  and 
to  protect  against  Shiga  dysentery  toxin  either  alone  or  mixed  with  anti- 
toxin. But  the  data  are  statistically  inconclusive,  and  speculation 
as  to  possible  explanations  therefore  uncalled  for. 

^  Photodynamic  protection  against  toxins  was  also  described  by  Tappeiner  and 
Jodlbauer  (155)  and  by  Flexner  and  Noguchi  (61). 
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Buchner's  experiment  (30)  on  X-irradiation  of  mice  vaccinated  against 
Trypanosoma  hrucei  or  T.  equiperdum  showed  similarly  a  decreased 
mortality  from  subsequent  infection  on  the  part  of  irradiated  mice,  but 
the  author  recognizes  the  result  as  statistically  unconvincing.  It  may 
correspond  to  a  real  effect,  although  it  is  less  marked  than  the  protection 
against  pneumococcus  infection  which  Lippmann  claimed  to  have  been 
afforded  by  injections  of  thorium  X  into  mice.  Lippmann's findings  (106) 
do  not  appear  to  have  been  confirmed. 

Effects  of  visible  plus  ultra-violet  irradiation  on  certain  cutaneous 
immune  reactions  in  tuberculosis  have  also  been  recorded  (Miiller,  123; 
Hirschmann,  86).  The  explanations  of  all  these  phenomena  are  entirely 
unknown. 

RESUMfi 

Reviewing  the  work  of  the  last  three  or  four  decades  on  the  effects  of 
irradiation  on  toxins  and  immune  bodies  one  might  hope  to  be  able  to 
give  answers  to  at  least  the  following  questions:  (a)  How  sensitive  to 
irradiation  are  these  immune  bodies,  either  absolutely  or  relative  to  better 
defined  substances?  (5)  What  is  the  relative  photolability  of  the  different 
individual  bodies  or  classes  of  them?  (c)  What  are  the  relative  effects 
of  different  types  of  radiation,  both  corpuscular  and  electromagnetic  in 
relation  to  wave-length  or  quantum  energy?  (d)  What  are  the  mecha- 
nisms and  reactions  involved  in  different  cases?  (e)  What  information  is 
afforded  as  to  the  nature  of  toxins  and  immune  bodies?  To  none  of  these 
questions  can  we  give  satisfactory  answers.  The  prime  difficulty  is 
obvious  as  soon  as  we  try  to  answer  the  first  question. 

a.  An  approach  could  be  made  by  using  monochromatic  radiation  of 
known  energy  flux,  with  appropriate  irradiation  chambers  so  that  we 
could  know  how  much  and  what  kind  of  energy  was  being  absorbed.  But 
even  then  we  would  have  no  guarantee  that  the  energy  was  being  absorbed 
by  any  one  chemical  species,  either  the  "body"  being  studied  if  that  be  a 
chemical  individual,  or  any  other  which  might  be  responsible  for  its 
inactivation.  Until  we  do  use  appropriate  irradiation  conditions  and  can 
isolate  the  immune  body  free  from  other  substances  which  absorb  and 
dissipate  energy,  we  shall  have  to  content  ourselves  with  something  like 
the  following  answer: 

All  the  substances  in  question,  so  far  as  they  have  been  studied,  are 
affected  by  irradiation,  especially  ultra-violet.  The  effect  is  usually 
inactivation,  although  in  the  case  of  alexin  there  is  ground  for  suspicion 
that  under  some  circumstances  increased  activity  may  result  from  brief 
irradiation.  The  dosage  required  is  in  general  rather  small,  even  where 
serum  is  used  undiluted  so  that  there  is  a  great  deal  of  light  absorption  by 
presumably  inert  components,  i.e.,  components  unrelated  to  the  property 
measured.     In  general,  we  may  hazard  an  estimate  that  toxins,  alexin. 
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and  antibodies  are  more  sensitive  to  most  types  of  radiant  energy  than 
are  most  enzymes,  simple  protein  solutions,  etc.  Even  this  estimate 
requires  the  reservation  that  it  may  only  be  that  immunological  methods 
are  more  sensitive  indicators  of  change  than  are  the  methods  in  use  in 
other  fields. 

b.  The  relative  lability  of  various  toxins,  etc.,  under  irradiation  might 
again  be  stated  with  some  confidence  if  we  had  pure  substances  having 
known  optical  characteristics,  and  standard  conditions  of  (mono- 
chromatic) irradiation.  A  table  can  be  made  for  all  experiments  with 
quartz-mercury-arc  lamps,  arbitrary  guesses  being  made  as  to  corrections 
to  be  introduced  for  wattage,  current  density  and  temperature  in  the  arc 
(which  affect  the  spectral  composition  of  the  light),  distance  from  source, 
thickness  of  absorbing  layer,  and  effectiveness  of  stirring,  etc.,  and 
figures  thus  deduced  which  do  not  vary  more  than  about  tenfold  for  any 
one  substance.  For  some  substances  such  as  alexin  the  margin  of  doubt 
is  not  so  appalling,  but  nevertheless  such  a  tabulation  is  not  worth 
publishing.  Perhaps  the  greatest  obstacle  to  progress  in  this  field  is  the 
obstinacy  with  which  its  workers,  mostly  ignorant  of  the  basic  principles 
of  physical  chemistry,  cling  to  worthless  criteria  such  as  "complete 
hemolysis"  or  "completely  destroyed"  as  end  points,  leaving  the  reader 
to  guess  whether  the  process  is,  for  example,  0.9  or  0.9999  complete. 

We  are  thus  left  with  the  following  slender  harvest:  in  mammalian 
sera  similarly  diluted,  under  roughly  equal  intensity  of  ultra-violet 
irradiation,  alexin  is  half  inactivated  in  about  0.5  min.,  those  properties 
including  lysins,  agglutinins,  precipitins,  opsonins,  etc.,  which  are  rather 
generally  believed  to  be  simply  different  measures  of  a  single  thing,  are 
half  inactivated  in  2  to  20  min.,  and  antitoxin  in  perhaps  10  min.  Venoms 
and  plant  toxins  have  always  been  irradiated  in  rather  transparent  media, 
often  in  1 :10,000  dilution,  and  comparisons  with  serum  media  would  rest 
on  treacherous  ground.  In  these  media  they  are  half  inactivated  in 
perhaps  2  to  3  min.  Exception  must  be  made  for  moray  serum,  irradiated 
undiluted,  which  might  on  the  same  basis  as  antisera,  be  guessed  to  be 
half  inactivated  in  about  4  min.  It  should  also  be  noted  that  Phisalix 
and  Pasteur  (129,  131)  were  unable  to  detoxicate  the  venom  or  serum 
of  the  asp  (Vipera  aspis)  by  ultra-violet  irradiation.  This  result  is  so 
out  of  line  with  all  other  known  facts  that  further  investigation  is  needed. 
Bacterial  toxins  in  bouillon  media  require  perhaps  a  few  seconds  to 
5  min. ;  purified  toxins  are  more  sensitive. 

To  summarize:  it  seems  probable  that  alexin  is  the  most  sensitive  to 
ultra-violet  irradiation,  antibodies  somewhat  less  so,  and,  allowing  for  the 
greater  transparency  of  the  media,  venoms  and  toxins  about  the  same  as 
antibodies  or  more  stabile.  Data  on  other  antigens  do  not  justify  even  a 
guess,  and  it  must  be  remembered  that  the  above  statement  is  only  a 
guess.     The  order  of  stability  as  far  as  concerns  the  actual  reactivity  of 
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the  "bodies"  concerned  may  just  as  well  be  utterly  different,  for  all  that 
we  really  know. 

c.  Experiments  with  other  than  ultra-violet  radiation  are  for  the  most 
part  so  scattering  that  intercomparison  of  different  substances  (under 
h  above)  or  different  types  of  radiation  is  difficult.  This  is  especially 
true  because  of  the  meagerness  of  description  of  the  physical  nature 
of  the  radiation,  the  absorbing  properties  of  the  irradiated  system,  and, 
in  the  region  of  X-rays  and  radioactive  rays,  the  multiplicity  of  inde- 
pendently variable  units,  none  of  which  is  very  satisfactory  in  practice. 
One  can  say  with  a  good  deal  of  confidence,  however,  that  the  properties 
under  consideration  are  little  if  at  all  affected  by  visible  light,  except  when 

o 

photodynamic  sensitizers  are  used;  that  from  about  X  3000  to  2800  A  on, 
lability  increases  with  decreasing  wave-length  until  excessive  absorption 
makes  experiment  impracticable,  while  X-rays  and  gamma  rays  are 
relatively  ineffective,  and  alpha  rays  effective.  Much  of  this  appears  to 
be  a  question  of  how  effectively  the  radiation  is  absorbed:  there  is  good 
reason  to  believe  that  if  absorbed  the  energy  of  any  quantum  greater 

o 

than  that  corresponding  to  X  ~  3000  A  is  utilized,  and  that  the  change 
induced  is  very  closely  proportional  to  the  energy  absorbed  by  the  sub- 
stances whose  chemical  change  leads  to  inactivation. 

d.  If  this  be  true,  the  mechanisms  involved  may  well  be  quite  similar 
except  for  electromagnetic  radiation  of  X  >  3000  A,  approximately. 
Since  at  longer  wave-lengths  oxygen  is  required,  while  with  larger 
quantum  energy  it  may  perhaps  be  made  available  by  irradiation  in  the 
absence  of  free  oxygen,  it  seems  not  improbable  that  inactivation  of  toxins 
and  immune  bodies  by  radiation  may  be  due  to  oxidation  following 
primary  activation  of  oxygen.  One  must  nevertheless  keep  in  mind  the 
process  of  protein  denaturation  and  the  ensuing  colloidal  changes,  which, 
however,  seem  to  be  rather  slower  than  the  changes  in  toxins  and  immune 
bodies.  Electrical  discharge  of  colloidal  particles  by  alpha  and  beta  rays 
has  also  been  suggested  as  a  possible  mechanism.  Reduction  processes 
have  also  been  suggested.  The  last  two  hypotheses  now  seem  relatively 
improbable,  and  oxidation  the  most  probable.  No  one  type  of  reaction 
may  account  for  all  or  even  any  one  of  the  changes  described. 

e.  Irradiation  tells  us  little  about  the  chemical  and  physical  nature 
of  toxins  and  immune  bodies.  It  is  easy  to  conclude  from  analogy  that 
they  are  single  molecular  species,  that  they  possess  such  and  such  chemical 
nature  or  groupings;  but  analogy  is  not  proof.  The  irradiation  of  alexin 
has  led  to  suggestive  hypotheses  as  to  its  dual  nature:  lytic  substance 
with  special  dependence  on  the  physicochemical  state  of  serum  proteins 
(globulins  in  particular)  (see  page  363).  This  amplifies  the  more 
generally  accepted  view  that  alexin  is  the  latter  only.  Future  work 
along  physicochemical  lines,  including  the  better  planned  use  of  irradia- 
tion as  a  tool,  should  show  whether  or  not  this  suggestion  has  worth. 
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In  any  event  studies  of  irradiation  in  immunochemistry  have  made  and 
should  in  the  future  continue  to  make  contributions  to  our  knowledge 
of  this  field,  which  in  spite  of  the  welter  of  published  papers  still  continues 
to  be  a  field  for  pioneer  research. 
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HISTORICAL 

Many  studies  have  been  made  during  the  last  thirty  years  on  the 
effects  which  radium  and  X-rays  exert  on  developing  eggs  and  embryos. 
Two  motives  appear  to  have  guided  investigators  into  this  type  of  work. 
First,  there  has  been  the  desire  to  investigate,  through  the  use  of  embry- 
onic material,  the  fundamental  nature  of  the  alterations  which  are  pro- 
duced in  living  cells  by  exposure  to  radium  and  X-rays.  For 
investigations  of  this  type  the  eggs  of  aquatic  animals  are  particularly 
favorable,  because  of  their  uniformity  and  the  ease  with  which  they 
can  be  obtained  in  great  abundance.  Secondly,  there  have  been  studies 
which  have  been  more  particularly  embryological  in  character.  In  these 
studies  radium  and  X-rays  have  been  used  simply  as  instruments  of 
research.  The  method  of  experimental  embryology  is  that  of  producing 
abnormal  development  in  order  more  completely  to  understand  the  factors 
which  underlie  normal  development.  For  this  purpose  various  mechani- 
cal and  chemical  methods  have  long  been  employed,  and  to  these  has  been 
added  the  method  of  radiation.  In  the  following  review  no  attempt  will 
be  made  to  separate  these  two  aspects  of  the  work  which  has  been  done 
on  the  radiation  of  eggs  and  embryos.  Indeed,  it  has  often  been  true 
that  in  a  single  investigation  both  aspects,  the  radiological  and  the 
embryological,  have  received  equal  attention. 

In  a  survey  of  the  literature  dealing  with  the  effects  of  radium  and 
X-rays  on  embryonic  development  one  is  struck  by  the  scarcity  of  reliable 
quantitative  data.  The  work  which  has  been  done  in  this  field  has  been, 
for  the  most  part,  qualitative  in  nature,  and  in  many  cases,  particularly 
in  the  earlier  investigations,  the  qualitative  results  are  not  thoroughly 
trustworthy.  In  many  cases  the  amount  of  radiation  which  reached  the 
egg  or  embryo  was  either  unknown  or  at  least  unstated,  the  area  of  the 
embryo  which  came  under  the  influence  of  the  radiation  was  undeter- 
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mined,  and  little  attention  was  given  to  the  influence  of  external 
factors  other  than  radiation,  such  as  change  of  temperature  or  chemical 
changes  in  the  medium.  Only  rather  recently  have  investigators  been 
occupied  with  the  collection  of  reliable  quantitative  data  with  regard  to 
the  effect  of  specific  dosages  on  specific  phases  of  embryonic  development. 
It  is  this  field  which  at  the  present  time  offers  the  greatest  possibilities 
for  future  research. 

So  far  as  known  to  the  writer,  the  first  recorded  observations  of  the 
action  of  radium  or  of  X-rays  on  embryonic  development  are  those  of 
Bohn  (22,  23),  who  submitted  amphibian  larvae  and  also  the  ova  of  the 
sea-urchin,  Sirongylocenirotus  lividus,  to  the  action  of  radium  bromide. 
Bohn  simply  floated  a  glass  tube  containing  a  few  centigrams  of  radium 
bromide  on  the  water  of  a  dish  in  which  he  had  placed  the  larvae  or  the 
eggs  which  he  used.  He  found  that  the  general  effect  was  a  retardation 
of  growth.  Moreover,  as  a  result  of  the  radiation  many  of  the  amphibian 
larvae  died  in  later  stages  of  development  and  others  developed  into 
monsters  which  exhibited  various  abnormalities.  With  regard  to  the 
developing  eggs  of  the  sea-urchin  he  made  the  following  generalizations. 
If  the  developing  eggs  were  radiated  before  they  began  to  gastrulate, 
development  progressed  only  as  far  as  gastrulation  and  then  ceased. 
If  gastrulation  had  already  begun  at  the  time  of  radiation,  it  might  be 
completed,  but  the  larvae  which  developed  were  abnormal.  Bohn  also 
exposed  the  ova  and  the  spermatozoa  of  the  sea-urchin  before  fertilization, 
and  reported  that  the  ova  withstood  the  radiation  better  than  the 
spermatozoa.  In  a  few  cases  he  found  artificial  parthenogenesis  induced 
by  the  radiation. 

After  the  work  of  Bohn,  several  other  investigators  soon  entered  the 
field.  Perthes  (79)  studied  the  ova  of  Ascaris,  Schaper  (85)  studied  the 
eggs  and  larvae  of  the  frog  and  the  newt.  Oilman  and  Baetjer  (39)  worked 
on  the  developmental  stages  of  the  newt  and  the  chick,  and  Tur  (89)  and 
Bordier  and  Oalimard  (25)  also  studied  the  developing  chick. 

The  work  of  Schaper  (85),  which  was  completed  after  Schaper's  death 
by  Levy  (63),  represents  one  of  the  more  critical  of  the  early  studies,  and 
has  served  as  a  basis  for  subsequent  work  on  amphibians.  Schaper  used 
larvae  of  the  frog  and  the  newt  which  he  subjected  to  the  action  of  radium 
bromide.  He  found  that  development  was  retarded,  and  that  in  later 
stages  many  developmental  abnormalities  appeared.  These  abnormali- 
ties were  associated  especially  with  the  neural  tube,  the  retina,  the  olfac- 
tory organs,  the  heart,  and  the  blood  vessels.  Schaper  and  Levy  extended 
their  investigations  to  include  a  study  of  the  action  of  radium  in  pre- 
venting regeneration  in  amphibian  larvae,  and  also  made  some  of  the 
earliest  observations  on  the  effect  of  radium  in  suppressing  mitosis. 

Oilman  and  Baetjer  (39)  in  their  study  of  the  effects  of  X-rays  on  the 
development  of  the  newt  and  the  chick  reported  that  in  each  case  there 
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was  an  initial  acceleration  of  development  which  occurred  during  a  short 
period  after  radiation.  They  found,  however,  that  the  general  effect  of 
radiation  was  developmental  retardation,  and  that  many  abnormalities 
appeared  in  radiated  newts  and  chicks.  Tur  (89),  who  used  radium 
bromide,  and  Bordier  and  Galimard  (25),  who  used  X-rays,  also  reported 
that  arrested  development  resulted  from  the  radiation  of  chick  embryos. 

The  work  of  Perthes  (79)  is  probably  the  most  systematic  of  the  earlier 
investigations.  He  exposed  the  ova  of  the  nematode  worm,  Ascaris 
megalocephala,  to  various  dosages  of  X-rays  and  to  10  mg.  of  radium 
bromide  for  various  lengths  of  time,  and  studied  the  changes  which  were 
brought  about  in  the  early  stages  of  development.  The  general  result, 
when  the  ova  were  exposed  either  to  X-rays  or  to  radium  bromide  was  a 
slowing  of  development.  The  extent  of  the  developmental  retardation 
Perthes  found  to  be  proportional  either  to  the  X-ray  dosage  or  to  the 
length  of  exposure  to  radium  bromide.  Moreover,  in  addition  to  being 
much  slower,  cleavage  in  the  radiated  ova  was  in  many  cases  very  irregular 
and  abnormal  embryos  often  resulted.  These  al)normal  embryos  were 
usually  irregular  masses  of  cells  which  possessed  low  vitality. 

All  of  the  early  investigations  were  important  primarily  in  demon- 
strating that  both  radium  and  X-rays  exert  a  pronounced  and  often 
far-reaching  effect  on  embryonic  development  in  such  widely  separated 
animals  as  the  echinoderms,  the  nematodes,  the  amphibians  and  the 
birds.  The  most  commonly  reported  effect  was  general  developmental 
retardation,  which  in  some  cases  might  be  preceded  by  an  initial  accelera- 
tion of  short  duration.  In  connection  with  the  retardation  of  develop- 
ment many  structural  abnormalities  appeared.  Later  work  has  dealt 
for  the  most  part  with  an  analysis  of  the  effect  of  radium  and  X-rays  on 
particular  phases  of  embryonic  development,  and  with  a  more  critical 
examination  of  the  abnormalities  which  are  produced. 

MODIFICATIONS  IN  EARLY  STAGES  OF  EMBRYONIC  DEVELOPMENT 

FERTILIZATION 

The  effect  of  radiating  one  or  both  of  the  germ  cells  previous  to  fertili- 
zation has  been  the  subject  of  considerable  investigation.  In  his  studies 
on  amphibian  development  Bardeen  (18,  19,  20)  reported  that 
exposure  of  spermatozoa  to  X-rays  reduced  both  their  motility  and  their 
capacity  to  fertilize  ova.  Moreover,  ova  which  were  fertilized  with 
radiated  spermatozoa  usually  failed  to  develop  beyond  the  gastrula 
stage,  and  the  few  gastrulae  which  continued  development  formed  abnor- 
mal larvae.  A  few  experiments  by  McGregor  (65)  gave  substantially 
the  same  results.  According  to  Bardeen,  radiation  of  ova  before  fertiliza- 
tion had  little  effect  on  their  capacity  for  fertilization  by  normal  sperma- 
tozoa. Radiated  ova,  however,  gave  rise  to  a  large  percentage  of 
abnormal  larvae. 
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In  an  extensive  series  of  experiments  by  O.  Hertwig  and  his  associates 
and  by  Packard  the  effect  of  radiating  germ  cells  previous  to  fertilization 
has  been  carefully  investigated.  In  the  frog  0.  Hertwig  (52)  and 
G.  Hertwig  (48)  found  that  radiation  of  either  spermatozoa  or  ova  previ- 
ous to  fertilization  resulted  in  fewer  abnormalities  than  when  the  fertilized 
egg  was  radiated.  In  addition,  they  made  the  surprising  discovery  that 
when  normal  ova  were  fertilized  with  spermatozoa,  which  had  been 
radiated  for  a  long  time,  the  resulting  abnormalities  were  fewer  than  when 
the  spermatozoa  had  been  radiated  for  a  short  time.  In  other  words, 
the  longer  the  radiation,  the  fewer  were  the  abnormalities  which  resulted; 
the  shorter  the  radiation,  the  greater  were  the  number  of  abnormalities. 
This  paradox  was  explained  by  the  Hertwigs  as  follows:  In  the  case  of 
short  exposures  the  chromatin  content  of  a  spermatozoon  was  so  injured 
that  after  fertilization  it  was  unable  to  function  normally,  it  interfered 
with  the  normal  movement  of  the  egg  chromosomes,  and  abnormal 
development  of  the  fertilized  egg  ensued.  On  the  other  hand,  if  the 
radiation  of  a  spermatozoon  had  been  for  a  long  period  of  time,  for  exam- 
ple, as  long  as  12  hr.,  then  the  chromatin  of  the  spermatozoon  was  so 
thoroughly  injured  that  it  took  no  part  at  all  in  fertilization.  In  this 
case  a  spermatozoon  simply  served  as  an  activating  agent  which  incited 
the  egg  to  development  without  the  fusion  of  male  and  female  chromatin. 
Development,  therefore,  was  purely  parthenogenetic.  Likewise,  the 
Hertwigs  found  that  in  the  case  of  radiated  ova  which  were  fertilized  with 
normal  spermatozoa  the  damage  which  was  produced  was  inversely 
proportional  to  the  length  of  exposure.  The  longer  the  ova  were  exposed, 
the  fewer  were  the  abnormalities.  Ova  exposed  for  15  min.,  for  example, 
gave  more  abnormalities  and  lived  a  shorter  time  than  ova  radiated  for 
several  hours.  The  Hertwigs  concluded  that  in  this  ease,  as  in  the  case 
of  the  spermatozoa,  the  longer  exposures  so  completely  injured  the 
chromatin  of  the  egg  nucleus  that  after  fertilization  the  female  chromatin 
failed  to  fuse  with  the  male  chromatin  and,  therefore,  took  no  part  in 
development.  The  development  of  the  egg  in  such  a  case  as  this,  there- 
fore, was  androgenetic. 

The  early  conclusions  of  the  Hertwigs,  which  were  based  on  their 
experiments  on  amphibian  spermatozoa  and  ova,  were  without  cytological 
evidence,  but  later  G.  Hertwig  (49)  repeated  the  experiments,  fertilizing 
normal  sea-urchin  eggs  with  radiated  spermatozoa.  He  was  able  to 
demonstrate  clearly  that  sea-urchin  ova  which  were  fertilized  with 
radiated  spermatozoa  developed  parthenogenetically.  Development  was 
often  abnormal,  however,  because  of  a  rather  passive  interference  by  the 
abnormal  sperm  head.  Other  experiments,  in  which  either  the  sperma- 
tozoon or  the  ovum  was  radiated  before  fertilization,  were  made  by 
P.  Hertwig  (56)  using  the  eggs  of  Triton  and  the  frog  and  by  Oppermann 
(70)  using  trout  eggs.     Recently  Simon  (87)  and  Dalcq  (35)  have  repeated 
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the  experiments  of  the  Hertwigs  on  frog  eggs,  and  in  addition  to  radium 
these  investigators  have  used  X-rays  and  ultra-violet  radiation.  They 
report  that  when  ultra-violet  is  employed  the  effects  which  the  Hertwigs 
obtained  occur  more  frequently  than  when  either  radium  or  X-rays  are 

used. 

Packard  (71,  73)  has  followed  in  considerable  detail  in  Nereis  and  in 
Chaetopterus  the  alterations  in  fertilization  which  occur  after  radiation. 
In  the  case  of  Nereis  Packard  found  that  when  normal  eggs  were  fertilized 
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Fig.  1. — Percentages  of  haploid  and  diploid  cleavages  in  Chaetopterus  eggs,  which  were 
exposed  to  radium  bromide  and  then  fertilized  by  normal  spermatozoa.  The  ordinate 
represents  the  percentage  of  eggs  which  cleaved,  and  the  abscissa  represents  the  duration 
of  exposure  in  minutes.     (From  Packard,  73.) 

by  radiated  spermatozoa,  the  extent  to  which  the  eggs  were  stimulated 
to  development  varied.  In  some  cases  the  spermatozoon  activated  the 
egg  normally  and  was  drawn  into  the  egg  cytoplasm,  but  normal  cleavage 
asters  failed  to  develop  and  there  was  no  fusion  of  male  and  female  nuclear 
material.  In  other  cases,  however,  the  radiated  spermatozoon  activated 
the  egg  only  to  the  extent  of  the  extrusion  of  jelly  and  the  formation  of  a 
fertilization  cone,  but  the  spermatozoon  was  not  drawn  into  the  egg. 
In  Nereis,  when  the  male  and  female  nuclei  do  not  fuse,  the  egg  fails  to 
develop.  In  this  respect  the  situation  is  different  from  that  in  Ascaris. 
When  Nereis  ova  were  radiated,  the  maturation  phenomena  became 
irregular  and  the  ova  failed  to  develop  properly,  even  though  they  were 
fertilized  by  normal  spermatozoa.  Packard  found,  also,  that  radiation 
of  fertilized  eggs  resulted  in  more  extensive  developmental  abnormalities 
than  radiation  of  unfertilized  ova. 

In  the  case  of  Chaetopterus  Packard  was  able  to  obtain  decisive  quanti- 
tative data  with  regard  to  nuclear  behavior  in  radiated  eggs  which  were 
fertilized  by  normal  sperm.  These  data  are  shown  graphically  in  Fig.  1, 
in  which  the  ordinate  represents  the  percentage  of  radiated  eggs  which 
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cleaved  and  the  abscissa  represents  the  duration  of  exposure  in  minutes. 
It  will  be  noted  that  as  the  length  of  exposure  increased,  the  number  of 
diploid  cleavages  decreased,  and  the  number  of  haploid  cleavages 
increased.  With  regard  to  the  percentage  of  eggs  which  underwent 
cleavage,  it  will  be  seen  that  brief  exposures  and  also  very  long  exposures 
did  not  prevent  eggs  from  dividing.  But  at  a  point  midway  between 
these  extremes  was  a  period  when  only  about  65  per  cent  of  the  eggs 
divided. 

The  question  of  relative  sensitivity  of  spermatozoa  and  ova  has  been 
considered  by  Mavor  and  De  Forest  (67),  using  Arhacia,  and  by  H.  and  M. 
Langendorff  (59,  60) ,  using  Psammechinus.  According  to  the  quantitative 
results  of  these  investigators,  retardation  in  development  is  always 
greater  when  spermatozoa  are  radiated  than  when  ova  are  radiated. 
The  cytological  basis  for  this  result  is  not  clear. 

The  only  fertilization  studies  on  higher  animals  are  those  of  Asdell 
and  Warren  (8),  who  inseminated  female  rabbits  with  rabbit  spermatozoa 
which  had  received  large  doses  of  X-rays.  Litters  of  apparently  normal 
young  were  obtained  from  two  rabbits  so  inseminated.  It  is  difficult  to 
correlate  these  results  with  the  work  of  previous  investigators  on  lower 
animals.     Further  studies  on  mammals  would  be  of  value. 

CLEAVAGE 

Probably  no  other  single  phase  of  development  has  received  so  much 
attention  as  that  of  cleavage.  Dividing  egg  cells  have  supphed  suitable 
material,  not  only  for  a  study  of  the  effect  of  radiation  on  cleavage  as 
such,  but  also  for  a  study  of  the  broader  problem  of  the  effect  of  radiation 
on  cell  division  in  general.  It  was  indicated  by  the  work  of  early  investi- 
gators and  has  been  shown  conclusively  by  many  later  workers,  that  the 
application  of  either  radium  or  X-rays  in  suitable  dosages  brings  about  a 
retardation  in  the  rate  at  which  the  fertilized  ovum  undergoes  division. 
Among  the  many  investigators  who  have  studied  this  problem  have 
been  Bardeen  (20),  O.  Hertwig  (52),  P.  Hertwig  (54),  G.  Hertwig  (49  and 
51),  Mottram  (68),  Richards  (81),  Packard  (72),  Richards  and  Good  (83), 
Seide  (86),  Hammett,  Green,  and  Davenport  (41),  and  Henshaw  (45). 

Henshaw  (45)  has  been  able  to  collect  detailed  quantitative  data  which 
demonstrate  the  effect  of  various  doses  of  X-rays  on  the  cleavage  of  the 
Arhacia  egg.  In  Henshaw's  experiments  unfertihzed  eggs  were  radiated 
and  then  fertihzed  with  normal  spermatozoa.  The  time  required  for  the 
completion  of  the  first  cleavage  in  radiated  eggs  as  compared  with  normal 
eggs  was  carefully  recorded.  The  results  show  clearly  that  X-radiation 
prolongs  the  time  which  elapses  between  insemination  and  the  comple- 
tion of  the  first  cleavage.  The  degree  of  retardation  is  a  function  of  the 
amount  of  radiation  administered  and  also  of  the  time  intervening  between 
the  moment  when  radiation  begins  and  the  moment  when  insemination 
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takes  place.  Such  a  result  indicates  that  recovery  of  the  egg  from  the 
effects  of  radiation  may  begin  as  soon  as  the  radiation  begins,  with  the  result 
that  the  delay  in  cleavage  dates  not  from  the  end  of  the  radiation,  but 
rather  from  the  beginning  of  the  radiation.  Some  of  Henshaw's  results 
are  shown  in  Fig.  2,  in  which  the  relation  of  cleavage  time  to  the  length  of 
exposure  and  to  the  minutes  elapsing  between  radiation  and  insemination 
is  demonstrated  graphically.  For  correlation  with  these  data  it  would 
be  of  value  to  know  the  nuclear  and  cytoplasmic  changes  taking  place 
within  the  egg,  particularly  from  the  standpoint  of  the  earlier  fertilization 


20 


40         60         80         100        120       140        ^0        180        WT 
Minu+es   After  Irradiation  Began  when  Eggs  were  Inseminated 


Fig.  2. — The  effect  of  various  doses  of  X-rays  in  retarding  the  first  cleavage  of  Arbacia 
eggs.  The  ordinate  represents  the  retardation  of  the  first  cleavage  expressed  in  minutes, 
and  the  abscissa  represents  the  minutes  after  irradiation  began  when  the  eggs  were 
inseminated.      (From  Henshaw,  45.) 

studies  of  G.  Hertwig  and  of  Packard  which  have  been  discussed  above. 
Although  the  data  of  Henshaw  deal  only  with  the  retardation  of  the 
first  cleavage,  undoubtedly  later  changes  are  similarly  affected.  Differ- 
ences arise,  however,  with  regard  to  the  exact  moment  at  which  cleaving 
eggs  are  radiated.  Indeed,  it  has  been  shown  that  when  eggs  are  radiated 
with  the  proper  dosage  at  the  proper  time,  acceleration  instead  of  retarda- 
tion of  cleavage  may  result.  Thus,  Packard  (72)  found  in  the  case  of 
Arbacia  that  a  brief  but  intense  application  of  radium,  during  the  period 
when  the  germ  nuclei  were  approaching,  accelerated  the  rate  of  division. 
Later  exposures,  which  were  made  during  the  formation  of  the  first 
cleavage  spindle,  accelerated  the  rate  of  cleavage  to  a  greater  or  less 
degree,  depending  on  the  phase  of  mitosis  at  the  time  of  exposure.  Such 
results  as  these  occur,  however,  only  after  brief  radiation.  Longer  radia- 
tion always  retards  cleavage.  Results  similar  to  those  of  Packard  have 
been  obtained  through  the  use  of  X-rays  by  Richards  (81)  on  the  cleavage 
of  Planorbis  eggs  and  by  Richards  and  Good  (83)  on  Cumingia  eggs.  Hoff- 
mann (57)  has  also  reported  an  accelerated  cleavage  in  frog  eggs  following 
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light  radiation.  Ancel  and  Vintemberger  (6),  on  the  other  hand,  in 
their  work  on  the  eggs  of  the  frog  found  no  acceleration  at  all.  They  hold 
that  radiation  causes  a  retardation  whatever  the  dosage  employed. 

One  must  come  to  the  general  conclusion,  therefore,  that  retardation 
of  cleavage  after  exposure  to  either  radium  or  X-rays  is  the  rule,  and  that 
acceleration  is  the  exception.  Light  doses  may  accelerate  cleavage; 
heavy  doses  always  retard  cleavage. 

Extensive  changes  occur  in  the  chromatin  of  eggs  in  which  cleavage 
has  been  retarded  by  radiation.  P.  Hertwig  (54)  and  Payne  (78),  have 
studied  these  chromatin  changes  in  detail  and  have  found  that  the 
chromosomes  of  radiated  ova  break  up  into  granules  and  present  a  general 
disordered  appearance.  Packard  (73)  has  found  in  Chaetopterus  that  the 
chromosomes  which  were  apparently  most  seriously  injured  lacked  spindle 
fibers  and  exhibited  no  signs  of  movement  during  cleavage. 

GASTRULATION 

As  development  of  radiated  individuals  progresses,  many  abnormali- 
ties often  become  evident.  The  stage  at  which  severe  abnormalities  first 
appear  is,  in  most  cases,  that  of  gastrulation.  Gastrulation  is  a  period  in 
development  during  which  extensive  cellular  movement  and  cellular 
differentiation  normally  occur,  resulting  in  the  establishment  of  the  tissues 
and  organs  of  the  new  individual.  Radiation  so  disturbs  the  orderly 
mechanism  of  development  that  the  cells  appear  unable  to  go  through  the 
complex  changes  incident  to  gastrulation.  Many  investigators  have 
observed  the  irregularities  of  gastrulation  in  radiated  individuals.  Bohn 
(22,  23)  in  his  early  study  on  the  sea-urchin  found  that  exposure  of  the 
blastula  often  prevented  gastrulation.  If  gastrulation  had  already  begun 
before  the  exposure,  then  the  gastrula  which  was  formed  was  often 
abnormal  and  short-lived.  Perthes  (79)  found  in  the  case  of  Ascaris 
that  irregular  cell  masses  developed  instead  of  normal  gastrulae  and 
Tur  (90,  91)  made  similar  observations  on  the  mollusc,  Philine. 

In  the  case  of  amphibians,  imperfect  gastrulation  is  one  of  the  most 
commonly  observed  developmental  abnormalities.  Schaper  (85),  and 
later  Hertwig  (52),  found  that  gastrulation  in  radiated  amphibians  was 
retarded  and  often  atypical.  Bardeen  (18,  19,  20),  in  his  extensive 
observations  on  toad  and  frog  development,  found  the  effect  on  gastrula- 
tion so  marked  that  he  divided  his  larvae  into  two  categories,  one  in 
which  gastrulation  was  complete,  and  the  other  in  which  gastrulation 
was  incomplete.  Incomplete  gastrulation  sometimes  ran  as  high  as 
75  per  cent  in  eggs  which  were  radiated  during  cleavage.  In  many  cases, 
in  which  gastrulation  appeared  to  be  unaffected,  no  larval  differentiation 
took  place,  and  always  there  were  large  numbers  of  abnormal  larvae. 
One  of  the  most  common  results  of  abnormal  gastrulation  was  the 
appearance  of  larvae  with  spina  bifida.     In  one  of  Bardeen's  experiments 
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spina  bifida  occurred  in  21.7  per  cent  of  the  individuals.  Hertwig  (52), 
and  also  Baldwin  (15,  16,  17),  have  reported  the  production  of  large 
numbers  of  animals  with  this  defect.  Recently  abnormal  gastrulation 
in  radiated  amphibian  eggs  has  been  studied  by  Simon  (87),  by  Olivieri 
(69),  and  by  Pasquini  and  Meldolesi  (76,  77).  Pasquini  and  Meldolesi 
have  found  early  stages  of  gastrulation  to  be  more  sensitive  than  are  later 
stages. 

MODIFICATIONS  IN  LATER  STAGES  OF  DEVELOPMENT 

Except  for  the  observations  of  Perthes  (79),  Tur  (90,  91),  and  a  few 
others,  most  of  the  detailed  studies  of  developmental- abnormalities  which 
occur  after  radiation  have  been  made  on  amphibian  larvae  and  on  chick 
embryos.  With  regard  to  amphibians  the  most  complete  accounts  will 
be  found  in  the  papers  by  Schaper  (85),  Levy  (63),  Hertwig  (52),  and 
Bardeen  (18,  19,  20).  A  survey  of  this  work  reveals  that  the  external 
defects  which  are  of  most  frequent  occurrence  are  abnormally  shaped 
heads,  distended  abdomens,  and  deformed  or  dorsally  flexed  tails.  Exam- 
ination of  the  internal  organs  shows  that  the  nervous  system,  the  eyes, 
and  the  vascular  system  appear  to  be  most  susceptible  to  injury.  Any 
or  all  of  these  abnormalities  may  occur  without  reference  to  the  partic- 
ular time  at  which  radiation  w^as  made.  Bardeen  has  shown  that  many 
of  the  abnormalities  occur  in  experiments  in  which  either  the  spermatozoa 
or  the  ova  were  radiated  before  fertiUzation.  On  the  other  hand, 
abnormalities  are  frequent  also  in  cases  where  radiation  was  administered 
in  relatively  late  stages  of  development. 

Radiation  of  chick  embryos  in  ovo  results  in  extreme  developmental 
disorders  and  often  in  the  death  of  the  embryo.  Gaskell  (38),  Colwell, 
Gladstone,  and  Wakeley  (30,  31),  Ancel  and  Vintemberger  (2),  Regaud, 
Lacassagne,  and  Jovin  (80),  Strangeways  and  Fell  (88),  Heim  (44),  and 
Butler  (28)  all  describe  in  considerable  detail  the  changes  which  occur  as 
a  result  of  various  dosages  of  radiation.  In  chick  embryos,  as  in  amphib- 
ian larvae,  vascular  disorders  are  common.  These  vascular  disorders  are 
undoubtedly  associated  with  the  fact  that  the  vascular  system  is  one  of  the 
first  to  be  established  and  also  is  one  of  the  most  rapidly  developing  sys- 
tems of  the  body.  Moreover,  the  extra-embryonic  circulation  of  the 
chick  embryo  is  so  extensive  that  small  initial  developmental  arrests 
probably  result  in  later  and  more  extensive  abnormaUties  in  the  embryonic 
and  extra-embryonic  circulatory  pattern.  One  of  the  most  obvious  and 
also  one  of  the  most  common  occurrences  is  to  find  many  areas  of  extrav- 
asated  blood,  both  within  the  body  and  also  in  the  extra-embryonic 
area  of  radiated  chicks.  Furthermore,  in  addition  to  vascular  disorders, 
abnormal  development  of  the  nervous  system,  particularly  the  brain,  is  of 
frequent  occurrence  in  radiated  chick  embryos.  These  nervous  abnor- 
malities conform  to  no  particular  pattern.     They  appear  to  be  the  result 
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of  early  developmental  arrests  in  the  neural  tube  which  are  caused  by  the 
radiation. 

The  fact  that  the  systems  of  the  embryonic  body,  both  in  amphibians 
and  in  birds,  which  are  most  severely  affected  by  radiation  are  the  nervous 
and  the  vascular  systems  indicates  a  possible  correlation  between  meta- 
bolic rate  and  radiosensitivity.  The  nervous  and  the  vascular  systems 
in  early  development  are  the  most  rapidly  growing  systems  of  the  body. 
The  regions  where  these  are  developing  are  undoubtedly  the  regions  of 
highest  metabolic  rate.  That  these  regions  should  be  the  most  sensitive 
to  radiation  is  very  indicative  of  a  correlation  between  metabolic  rate 
and  sensitivity. 

Strangeways  and  Fell  (88)  have  tested  the  possibility  of  a  correlation 
between  metabolic  rate  and  sensitivity  by  using  the  method  of  tissue 
culture.  Chick  embryos  after  6  days  of  incubation  were  exposed  to 
X-rays  and  then  placed  for  5  hr.  in  a  refrigerator  at  0°C.  At  the  end  of 
the  5  hr.  at  0°C.  tissue  fragments  of  the  heart,  the  sclerotic,  the  choroid, 
the  intestine,  and  the  skin  were  transplanted  and  grown  in  vitro.  In  the 
case  of  these  cold-treated  embryos  fairly  good  growth  was  obtained 
from  all  of  the  tissues  cultivated.  On  the  other  hand,  in  tissue  cultures 
made  from  chick  embryos  which  were  incubated  for  5  hr.  after  the  radia- 
tion no  growth  at  all,  or  at  best  scanty  growth,  took  place  in  any  culture. 
From  these  results  it  appears,  therefore,  that  the  degenerative  changes 
produced  in  the  tissues  by  radiation  are  greatly  delayed,  if  not  com- 
pletely arrested,  by  maintaining  the  embryos  immediately  after  the 
radiation  at  a  low  temperature  and  thereby  lowering  the  metabolic  rate. 

Concerning  the  relationship  between  sensitivity  and  metabolic  rate 
in  amphibian  development,  Ancel  and  Vintemberger  (1,  6)  have  come  to 
conclusions  similar  to  those  of  Strangeways  and  Fell.  Ancel  and  Vintem- 
berger have  found  in  their  work  with  amphibian  eggs  that  the  extent  of 
injury  is  a  function  of  the  work  which  normally  is  done  after  the  radiation. 
In  other  words,  the  activity  of  a  cell  after  the  exposure  determines  to  a 
great  extent  the  degree  to  which  the  cell  will  be  injured.  If  cellular 
activity  after  radiation  is  great,  then  the  cells  which  are  suffering  from 
the  effects  of  the  radiation  are  unable  normally  to  perform  these  activities 
and  as  a  result  abnormalities  occur.  On  the  other  hand,  if  cellular  activ- 
ity after  radiation  is  slight,  then  the  cells  may  be  able  to  recover  from 
the  effects  of  the  radiation  and  no  serious  disturbances  may  result. 
Packard  (74)  has  arrived  at  a  similar  conclusion  in  his  studies  on  Dro- 
sophila  eggs,  which  will  be  discussed  later. 

Another  question  with  regard  to  the  degenerative  effects  of  X-rays 
and  radium  on  embryonic  tissues  is  whether  these  effects  are  due  to  a 
direct  action  of  the  radiation  on  the  cells  and  tissues,  or  whether  they  are 
due  to  an  indirect  action  resulting  from  the  accumulation  of  toxic  sub- 
stances in  the  body  fluids.     In  answer  to  this  question,  with  regard  to 
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the  chick,  Strangeways  and  Fell  have  shown  that  fragments  of  normal 
embryonic  tissues  may  be  cultivated  in  vitro  in  a  medium  made  from  the 
undiluted  extract  of  the  tissue  of  radiated  chick  embryos.  However, 
the  tissue  of  radiated  embryos  was  incapable  of  growth  even  in  normal 
plasma.  Such  results  as  these  indicate  that  death  of  the  tissues  of  a 
radiated  embryo  is  not  due  to  the  formation  of  stable  toxic  substances  in 
body  fluids. 

Butler  has  come  to  similar  conclusions  with  regard  to  amphibian 
development.  It  has  been  demonstrated  that  with  proper  dosage  of 
X-rays  one  may  prevent  the  development  and  also  the  regeneration  of 
limbs  in  Amblystoma  larvae  (Butler,  27,  29).  In  this  case  the  question 
arises  as  to  whether  the  prevention  of  limb  development  and  of  limb  regen- 
eration is  due  to  a  direct  action  of  the  radiation  on  the  cells  which  go  into 
the  formation  of  the  limbs,  or  whether  toxic  substances  are  formed  in 
the  body  which  act  upon  the  cells  and  prevent  their  differentiation. 
Recent  experiments  by  Butler  have  shown  that  if  one  limb  bud  be 
shielded  with  lead  and  the  remainder  of  the  body  be  radiated,  the 
shielded  limb  on  the  radiated  larva  will  develop  normally.  Likewise, 
radiation  of  the  posterior  half  of  an  Amblystoma  larva,  while  the  anterior 
half  of  the  body  is  shielded,  results  in  the  growth  of  the  anterior  limbs  and 
the  complete  suppression  of  the  posterior  limbs.  It  seems  clear,  there- 
fore, from  these  experiments,  as  well  as  from  the  experiments  of  Strange- 
ways  and  Fell,  that  the  suppression  of  tissue  growth  and  the  initiation  of 
tissue  degeneration  result  from  a  direct  effect  of  radiation  on  the  tissues 
themselves  and  not  from  toxic  substances  contained  within  body  fluids. 

Gaskell  (38)  in  his  study  of  radiated  chicks  reported  particularly 
on  the  mitotic  changes  which  occurred  within  the  tissues.  He  found 
that  radiation  brought  about  either  a  partial  or  a  complete  diminution  of 
mitotic  activity.  Whether  or  not  the  embryo  recovered,  according  to 
Gaskell,  depended  on  the  extent  to  which  mitotic  activity  was  diminished. 
This  effect  of  X-rays  on  mitotic  activity  in  chick  embryos  has  also  been 
studied  by  Regaud,  Lacassagne,  and  Jovin  (80)  and  by  Butler  (28). 

The  wall  of  the  developing  neural  tube  provides  particularly  favorable 
material  for  a  study  of  the  effects  of  radiation  on  cells  in  different  phases 
of  mitotic  activity.  Two  types  of  cells  are  found  in  the  wall  of  the  neural 
tube  of  young  chick  embryos;  one  type,  the  germinal  cells,  with  nuclei 
conspicuously  active  in  mitosis,  is  restricted  to  the  innermost  layer  of  the 
neural  wall;  the  other  type  of  cell,  with  nuclei  in  the  resting  state  and  none 
in  division,  forms  the  main  mass  of  the  neural  wall  and  is  known  as 
the  mantle  layer.  Butler  has  shown  that  a  study  of  the  neural  tube 
after  radiation  with  a  single  nonlethal  dose  of  X-rays  reveals  a  series  of 
cellular  changes  as  follows :  an  initial  period  of  mitotic  depression  during 
which  mitotic  figures  in  the  germinal  cells  disappear  entirely;  a  period  of 
pseudo-recovery  during  which  mitotic  activity  reappears;  a  period  of 
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degeneration  which  is  characterized  by  severe  nuclear  changes  among 
the  cells  in  the  resting  state;  and  finally  a  period  of  remarkable  regenera- 
tion and  recovery  which  results  in  a  return  of  the  tissue  to  its  normal 
condition. 

Except  for  the  work  on  the  neural  tube,  few  detailed  observations 
have  been  made  on  the  effects  of  carefully  controlled  nonlethal  doses  of 
radiation  on  other  tissues  of  the  embryonic  chick.  However,  observations 
by  Col  well,  Gladstone  and  Wakeley  (30,  31)  show  that  changes  take  place 
in  probably  every  one  of  the  embryonic  tissues  after  radiation.  A  study 
of  the  nature  of  these  alterations  in  each  tissue  and  a  determination  so 
far  as  possible  of  the  factors  which  govern  them  offer  an  attractive  field 
for  future  investigation. 

It  has  long  been  known  from  clinical  observation  and  from  experi- 
mental evidence  that  the  radiation  of  pregnant  mammals,  either  with 
radium  or  with  X-rays,  may  seriously  affect  fetal  development.  The 
reports  dealing  with  this  subject,  however,  are  for  the  most  part  of  a  very 
general  nature  and  are  scattered  through  biological  and  clinical  literature. 
For  more  complete  references  than  will  be  given  here  to  the  work  in  this 
field  the  reader  is  referred  to  the  paper  by  Bailey  and  Bagg  (14). 

By  far  the  most  complete  and  systematic  work  on  the  effect  of  radia- 
tion on  fetal  development  of  mammals  has  been  done  by  Bagg  (9  to  12) 
and  his  collaborators.  Bagg  has  treated  breeding  female  mice  and  rats 
with  radium  and  with  X-rays  before  and  after  mating,  and  also  in  late 
stages  of  pregnancy.  His  results  show  that  when  females  after  mating 
are  injected  subcutaneously  with  radioactive  physiological  salt  solution, 
the  formation  of  embryos  is  in  many  cases  prevented.  In  other  cases 
Bagg  found  that  development  began,  but  the  embryos  were  either 
absorbed  in  utero  or  early  abortion  took  place.  In  still  other  cases, 
abnormal  young  were  born  alive  at  term.  The  abnormalities  which  such 
offspring  exhibited  were  principally  serious  vascular  disturbances. 
There  was  a  breakdown  of  capillary  endothelium  and  the  formation  of 
prominent  subcutaneous  hemorrhagic  areas.  In  general,  these  vascular 
disturbances  appear  to  be  of  the  same  type  as  those  which  have  been 
observed  in  radiated  chick  embryos  by  Strangeways  and  Fell  (88)  and 
other  investigators. 

Bagg  found  that  hijection  of  female  mammals  with  radioactive  salt 
solution  before  mating,  instead  of  after  mating,  resulted  in  less  dis- 
turbance of  fetal  development.  However,  in  some  cases  the  absorption 
of  embryos  or  early  abortion  occurred,  and  in  other  cases  the  young 
which  were  born  alive  at  term  exhibited  the  characteristic  subcutaneous 
hemorrhagic  areas. 

Bagg  has  also  used  the  method  of  exposing  the  ventral  abdominal  wall 
of  pregnant  mammals,  which  were  nearly  at  full  term,  to  the  action  of  the 
gamma  rays  of  radium.     This  treatment  resulted  in  the  production  of 
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more  extensive  and  more  varied  abnormalities  than  did  the  injection  of 
radioactive  physiological  salt  solution.  These  abnormalities  became 
apparent  sometime  after  the  birth  of  the  individual.  Vascular  disturb- 
ances, such  as  heretofore  observed,  were  frequent  and,  in  some  cases,  were 
so  severe  as  to  cause  the  death  of  the  animal.  Moreover,  other  abnormal- 
ities were  often  present  such  as  gross  imperfections  in  eye  development, 
arrested  development  of  certain  brain  regions,  particularly  the  cerebral 
cortex,  and  in  some  cases  arrested  development  of  testes  and  ovaries. 
Bagg's  conclusion  with  reference  to  mammals,  that  there  is  a  "marked 
selective  action  of  radium  emanation  on  fast-growing  embryonic  struc- 
tures,"  is  in  accordance  %vith  the  many  observations  on  lower  animals, 
some  of  which  have  been  described  in  preceding  pages. 

In  his  later  studies  Bagg  used  X-rays  instead  of  radium.  By  the  use 
of  X-rays  he  obtained  disturbances  in  the  development  of  the  vascular, 
nervous  and  reproductive  systems  similar  to  those  which  resulted  from 
the  use  of  radium,  and,  in  addition,  he  found  serious  abnormalities  in  the 
development  of  the  kidneys  (metanephroi).  These  kidney  abnormalities 
were  principally  the  absence  either  of  one  or  of  both  kidneys,  or  the 
development  of  kidneys  which  were  functionally  imperfect.  An  embryo- 
logical  study  of  the  kidney  abnormalities  found  in  the  offspring  of  Bagg's 
radiated  animals  has  been  made  by  Brown  (26). 

Although  the  work  of  Bagg  and  his  associates  appears  to  establish 
the  fact  that  radiation  of  pregnant  mammals  causes  serious  abnormalities 
in  the  offspring,  conflicting  reports  are  to  be  found  in  the  literature.  For 
example,  Levine  (62)  reported  that  the  administration  of  relatively  large 
sterilizing  doses  of  X-rays  to  white  mice  during  pregnancy  brought  about 
no  defects  in  the  offspring.  An  examination  of  the  literature  shows, 
however,  that  reports  such  as  that  of  Levine  are  in  the  minority. 

An  extensive  study  of  the  possible  inheritance  of  some  of  the  develop- 
mental defects  of  radiated  mice  and  rats,  particularly  defects  of  the  eyes 
and  the  kidneys,  has  been  made  by  Bagg  and  Little  (13),  Little  and  Bagg 
(64),  and  Bagg  (12).  Literesting  and  important  as  these  genetical 
studies  are,  they  do  not  properly  fall  within  the  bounds  of  the  present 
discussion. 

DIFFERENTIAL  SENSITIVITY  IN  EMBRYONIC  DEVELOPMENT 

One  of  the  central  problems  of  the  effects  of  radiation  on  embryonic 
development  is  that  of  differential  sensitivity.  With  regard  to  this  prob- 
lem several  questions  arise.  At  what  period  during  embryonic  develop- 
ment is  an  organism  most  sensitive  to  radium  and  X-rays?  Does 
sensitivity  change  with  age?  When  are  developmental  abnormalities 
most  likely  to  occur?  Which  organs  or  organ  systems  of  the  embryo  are 
subject  to  the  greatest  alteration?  The  last  two  questions  have  already 
been  dealt  with  in  foregoing  pages.     Sufl&ce  it  to  say  here,  that  the  greatest 
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amount  of  available  evidence  points  to  the  period  of  gastrulation  and 
body-axis  formation  as  the  time  when  abnormalities  in  radiated  embryos 
most  frequently  occur.  On  the  other  hand,  embryos  which  survive  this 
period  of  relative  instability,  or  which  are  not  radiated  till  gastrulation  is 
past  and  the  body  axis  is  established,  frequently  exhibit  serious  abnor- 
malities in  the  nervous  and  vascular  systems  and,  in  some  cases,  in  the 
urinogenital  system. 

The  other  aspect  of  the  problem  of  sensitivity,  which  was  referred  to 
above,  deals  with  the  relation  between  sensitivity  and  age.  This  problem 
is  concerned  not  with  the  immediate  or  subsequent  appearance  of 
abnormalities ;  it  is  concerned  rather  with  a  determination  of  the  amount 
of  radiation  which  an  egg  or  an  embryo  can  withstand  at  a  particular 
time  and  still  remain  viable,  and  with  the  question  of  a  change  in  resist- 
ance with  relation  to  age. 

Bergonie  and  Tribondeau  (21)  have  made  a  generaUzation  with  regard 
to  radiosensitivity  which  has  often  been  referred  to  as  the  Bergonie- 
Tribondeau  law.  This  law  holds  that  the  sensitivity  of  cells  varies 
directly  with  their  reproductive  capacity  and  inversely  with  their  degree 
of  differentiation.  According  to  the  Bergonie-Tribondeau  law,  therefore, 
sensitivity  should  decrease  during  embryonic  development ;  older  embryos 
should  be  more  resistant  than  younger  embryos.  A  review  of  the  work  in 
which  any  quantitative  data  at  all  are  presented  indicates  that  in  most 
cases  this  generalization  holds  true.  Bardeen  (20),  for  example,  observed 
that  young  stages  in  amphibian  development  were  much  more  sensitive 
than  older  stages.  The  increase  in  resistance  in  the  amphibian  egg 
during  development  has  been  studied  more  recently  by  Woskressensky 
(94)  who  has  collected  important  quantitative  data.  Perthes  (79)  in  his 
early  work  on  Ascaris  reported  that  later  stages  in  development  were 
less  sensitive  than  earlier  stages.  Holthusen  (58)  found  in  Ascaris  eggs 
that  maximum  sensitivity  occurred  at  the  time  of  the  first  cleavage. 
After  the  first  cleavage  the  sensitivity  of  the  developing  Ascaris  gradually 
declined.  In  the  development  of  the  tobacco  beetle,  Runner  (84)  found 
that  sensitivity  decreased  with  age.  Likewise,  Mavor  (66)  has  shown 
in  Drosophila  that  the  egg  and  larval  stages  are  relatively  very  sensitive 
and  that  sensitivity  gradually  decreases  during  pupation.  At  the  end 
of  pupation  an  individual  is  approximately  35  times  as  resistant  to  X-rays 
as  at  the  beginning  of  pupation,  and  nearly  100  times  as  resistant  as 
at  the  time  when  the  egg  was  laid.  Figure  3,  taken  from  Mavor's  work, 
shows  graphically  the  increasing  resistance  of  the  Drosophila  egg  during 
development  from  the  egg  to  the  imago. 

In  the  development  of  a  few  organisms  the  generalization  of  Bergonie 
and  Tribondeau  apparently  does  not  hold  true.  In  the  work  of  Strange- 
ways  and  Fell  (88)  on  the  developing  chick  it  has  been  shown  that  older 
chick  embryos  were  more  susceptible  to  destructive  X-ray  effects  than 
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were  younger  embryos.  Embryos  which  had  been  incubated  25  hr.,  for 
example,  were  more  resistant  to  X-rays  than  embryos  which  had  been 
incubated  6  days.  Such  a  result  as  this  raises  the  question  as  to  whether 
the  tissues  of  the  older  embryos  are  actually  less  resistant  than  the  tissues 
of  the  younger  embryos,  or  whether,  owing  to  the  more  complex  organiza- 
tion of  the  older  embryos,  radiation  produces  physiological  disturbances 
which  are  either  absent  or  less  pronounced  in  the  younger  embryos. 
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Age  When  Rayed  in  Hours 
Fig.  3. — The  variation  in  susceptibility  to  X-rays  during  the  development  of  Drosophila. 
The  ordinate  represents  the  X-ray  dose  expressed  in  milliampere  minutes,  which  was 
required  to  kill  50  per  cent  of  the  indi\aduals  within  five  days  after  the  radiation.  The 
abscissa  represents  the  age  of  the  individuals  in  hours  at  the  time  of  the  radiation.  {From 
Mavor,  66.) 

Tissue-culture  studies  of  Strangeways  and  Fell  indicate  that  the  latter 
possibility  is  undoubtedly  true,  for,  as  they  have  shown,  the  cells,  qua 
cells,  of  a  6-day  chick  are  no  more  susceptible  to  the  action  of  X-rays 
than  those  of  a  25-hr.  chick.  Strangeways  and  Fell  beUeve  that  the  death 
of  radiated  6-day  chick  embryos  is  due,  in  part  at  least,  to  the  inter- 
ruption of  gaseous  exchange  in  the  tissues  of  the  chicks,  such  as  might 
result  from  the  clotting  of  blood  in  the  vessels  shortly  after  radiation. 
The  developing  chick  embryo,  therefore,  becomes  an  exception  to  the 
generalization  of  Bergonie  and  Tribondeau,  because  we  are  dealing  in  the 
case  of  the  chick  with  an  indirect  action  of  X-rays  instead  of  with 
the  direct  action  of  the  radiation  upon  the  cells  and  tissues. 

The  greatest  amount  of  evidence  at  hand,  therefore,  indicates  that 
with  a  few  exceptions,  such  as  the  chick,  there  is  a  gradual  increase  in 
resistance  to  X-rays  and  radium  as  development  of  an  organism  progresses. 
Nevertheless,  in  some  animals  fluctuations  occur  in  the  upward  curve  of 
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resistance.  For  example,  it  has  been  shown  recently  by  Henshaw  and 
Henshaw  (46),  using  Drosophila,  that  during  the  3  hr.  after  fertihzation 
there  is  marked  increase  in  resistance.  This  is  followed  during  the  next 
2  hr.  by  a  pronounced  decrease  to  nearly  the  level  at  the  time  of  fertiliza- 
tion. This  decrease  is  then  followed  by  a  subsequent  rise  in  resistance. 
This  variation  in  resistance  during  the  first  5  hr.  after  fertilization  is  not 
shown  in  Mavor's  curve  for  Drosophila  (Fig.  3).  Henshaw  and  Henshaw 
have  shown,  furthermore,  that  the  curve  of  resistance  varies  with  the 
dosage  of  X-rays.  They  have  demonstrated,  also,  that  the  curve  of 
resistance  to  X-rays  is  entirely  different  from  the  curve  of  resistance  to 
alpha  particles.  When  Drosophila  eggs  are  most  resistant  to  X-rays  they 
are  most  susceptible  to  alpha  particles.  This  difference  is  apparently 
associated  with  the  short  penetration  range  of  the  alpha  particles  into 
protoplasm,  and  also  with  the  movement  of  active  cells  during  the  forma- 
tion of  the  blastula  and  the  gastrula  in  the  developing  Drosophila  egg. 

Holthusen  (58)  has  obtained  interesting  results  in  the  case  of  Ascaris. 
He  finds  that  Ascaris  eggs  are  very  resistant  between  fertilization  and 
the  first  cleavage.  At  the  time  of  the  first  cleavage  there  is  a  period  of 
maximum  sensitivity  after  which  resistance  gradually  increases. 

The  work  of  Woskressensky  (94)  on  Axolotl  and  Drosophila  larvae 
presents  some  of  the  most  interesting  and  the  most  accurate  data  which 
are  available  on  the  relation  of  age  to  sensitivity.  From  the  data  of 
Woskressensky  it  is  possible  to  predict  accurately  the  time  of  death  of  a 
radiated  embryo  on  the  basis  of  the  dosage  of  X-rays  and  the  age  of  the 
individual  at  the  time  of  radiation.  Woskressensky  shows  that  with  a 
given  dosage  the  sensitivity  of  a  developing  organism  decreases  with  age 
according  to  a  hyperbolic  function.  He  points  out,  furthermore,  that 
decrease  in  sensitivity  is  synchronous  with  decrease  in  the  velocity  of 
growth.  In  other  words,  there  appears  to  be  an  association  between 
growth  rate  and  sensitivity.  Such  a  correlation  as  this  must  not  be  taken 
to  mean,  however,  that  sensitivity  is  dependent  primarily  on  growth  rate. 
Although  an  association  between  growth  rate  and  sensitivity  is  clearly 
indicated,  growth  rate  is  probably  only  one  of  several  factors  which 
underlie  sensitivity. 

If  it  be  true  that  growth  rate  and  sensitivity  are  inseparably  associ- 
ated, then  changes  in  external  conditions  which  affect  the  growth  rate 
should  also  affect  the  sensitivity  of  a  developing  organism.  Using 
changes  in  temperature  to  alter  the  division  rate  of  Drosophila  eggs, 
Packard  (74)  has  tested  this  hypothesis  and  found  an  indication  of  a 
definite  correlation  between  division  rate  and  sensitivity.  The  higher 
the  temperature  at  the  time  of  exposure  to  X-rays,  the  more  sensitive 
are  Drosophila  eggs.  In  other  words,  as  the  temperature  rises,  the 
division  rate  increases  and  sensitivity  also  increases.  However,  it  is 
important  to  note  that  Packard's  data  show  that  the  increase  in  sensi- 
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tivity  does  not  run  parallel  with  the  increase  in  division  rate.  Such  a 
variation  as  this  indicates  the  presence  of  other  factors.  Holthusen  (58) 
and  Dognon  (37)  have  obtained  results  similar  to  those  of  Packard  by 
modifying  the  division  rate  in  Ascaris  by  temperature  changes. 

Still  another  aspect  of  the  problem  of  growth  rate  and  sensitivity 
must  be  taken  into  account.  Strangeways  and  Fell,  in  their  tissue-culture 
work,  and  Ancel  and  Vintemberger  in  their  work  on  the  ova  of  amphibians 
and  birds  have  demonstrated  the  necessity  in  growth-rate  studies  of 
discriminating  between  the  growth  rate  before  or  at  the  time  of  exposure, 
and  the  growth  rate  which  would  normally  occur  after  exposure.  The 
growth  rate  and  the  general  activity  of  cells,  which  would  normally  take 
place  during  the  period  immediately  following  radiation,  appear  to  be  of 
primary  importance  in  determining  the  degree  of  injury  which  results 
from  the  radiation. 

For  a  more  complete  understanding  of  this  involved  problem  of  growth 
rate  and  sensitivity  it  would  be  of  value  to  possess  accurate  quantitative 
data  showing  the  growth  rate  in  larval  stages  of  some  animal  whose 
growth  rate  could  be  measured  with  accuracy,  and  whose  corresponding 
sensitivity  to  radiation  could  also  be  readily  observed. 

SUMMARY 

Exposure  to  radium  or  to  X-rays  results  in  pronounced  and  often 
far-reaching  effects  on  embryonic  development  in  all  species  of  animals 
which  have  been  investigated.  Radiation  either  of  one  or  of  both  germ 
cells  prior  to  fertilization  causes  abnormal  fertilization,  and,  in  some  cases, 
leads  to  parthenogenetic  or  androgenetic  development.  The  rate  of 
cleavage  is  usually  retarded  by  radiation,  but  under  certain  circumstances 
a  slight  but  temporary  acceleration  of  cleavage  has  been  noted.  The 
period  of  gastrulation  and  body-axis  formation  is  a  critical  period  for 
radiated  individuals.  During  gastrulation  and  the  formation  of  the  body 
axis  many  abnormalities  arise  which  lead  in  most  cases  to  the  production 
of  monsters  and  frequently  to  death  of  the  embryo. 

Observations  on  the  effects  of  radium  and  X-rays  on  avian  and 
mammalian  development  have  been  restricted  for  the  most  part  to  the 
relatively  late  stages  of  organogenesis.  In  both  birds  and  mammals 
radiation  of  an  embryo  affects  particularly  the  most  rapidly  developing 
systems,  such  as  the  nervous  and  the  vascular  systems.  Abnormalities 
in  either  one  or  both  of  these  systems  are  often  so  serious  as  to  cause 
death  of  the  radiated  individual.  Disorders  in  the  reproductive  and  the 
nephric  systems  also  often  occur  after  radiation. 

In  general,  the  sensitivity  to  radium  and  X-rays  during  development 
gradually  decreases  as  the  age  of  an  individual  increases.  There  is 
considerable  evidence  that  decrease  in  sensitivity  with  increase  in  age 
may   be    associated  with  the  decrease  in  growth  rate.     Although  an 
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association  between  sensitivity  and  growth  rate  undoubtedly  exists,  both 
in  the  development  of  the  organism  as  a  whole  and  in  the  development  of 
individual  tissues,  nevertheless,  it  appears  evident  that  additional 
factors  also  govern  sensitivity.  A  determination  of  these  factors  is  one 
of  the  central  problems  of  radiation. 
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The  prime  importance  of  irradiation  in  this  field  is  its  use  as  a  tech- 
nique. It  is  important  that  the  effects  of  the  rays  upon  regenerating 
tissues  be  ascertained  in  all  their  morphological,  physical,  and  chemical 
details,  as  in  other  cases  where  irradiation  is  used  as  a  means  of  experi- 
mentation; but  such  knowledge  waits  upon  a  more  extensive  under- 
standing of  the  effects  of  these  radiations  upon  protoplasm.  In  the 
meantime,  one  can  use  the  rays  in  a  study  of  regeneration  as  one  would 
use  stains  or  reagents  in  producing  results  that  can  be  utilized  for  experi- 
mentation, without  knowing  as  much  as  might  be  desired  concerning  the 
manner  in  which  the  rays  act  upon  the  cells.  In  a  representative  series 
of  animals  it  has  been  found  that  exposure  to  X-rays  or  to  radium 
reduces  or  completely  destroys  the  power  of  regeneration,  and  in  some 
instances  the  irradiated  individual  remains  alive  for  so  long  a  period  that 
its  death  seems  to  result  from  other  causes,  or  at  least  to  be  indirectly 
connected  with  the  irradiation.  Healing  of  the  wounded  surface  usually 
occurs  in  a  normal  manner,  while  the  regenerative  changes  by  which  a 
complete  individual  is  produced  are  inhibited  in  proportion  to  the 
exposure.  In  some  of  these  cases  the  inhibition  apparently  results  from 
the  effects  of  the  radiations  upon  specific  types  of  cells  which  are  necessary 
for  the  regeneration.  These  cells  are  either  destroyed  or  changed  to  such 
an  extent  that  they  cannot  function  normally ;  and  such  changes  observed 
in  cells  may  be  regarded  as  the  obvious,  although  perhaps  not  the  only, 
cause  for  the  lost  power  of  regeneration. 

An  explanation  that  suggests  itself  is  the  well-known  fact  of  the 
differential  susceptibility  of  cells  to  the  radiations  in  question.  As 
formulated  in  the  law  of  Bergonie  and  Tribondeau,  undifferentiated  germ 
cells,  embryonic  cells,  and  the  less  differentiated  cells  of  adult  animals 
are  more  susceptible  to  X-rays  and  to  radium  than  more  differentiated 
cells.  If  regeneration  involves  the  presence  of  cells  with  embryonic 
potencies,  which  respond  by  division,  movement,  and  differentiation  and 
so  restore  the  normal  whole  in  a  mutilated  animal,  or  from  a  fragment, 
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it  may  be  supposed  that  the  inhibition  of  regeneration  by  radium  and 
X-rays  results  from  injury  or  destruction  of  these  "embryonic"  cells 
without  which  the  regeneration  cannot  occur.  To  test  such  an  hypoth- 
esis, one  should  inquire  regarding  the  existence  and  the  roles  of  cells 
with  embryonic  potencies  in  each  particular  case  where  the  regeneration 
can  be  thus  inhibited,  and  whether  these  cells  are  affected  by  the  rays  in 
question. 

There  are  in  theory  four  possible  sources  for  new  tissues  in  a  regen- 
erate: like  cells  may  produce  like;  specialized  cells  may  dedifferentiate 
and  then  redifferentiate  into  other  cell  types;  unspecialized,  "embryonic," 
or  "formative"  cells  that  have  persisted  from  the  early  stages  of  the 
individual's  development  may  be  the  source  of  new  tissues;  or  the  changes 
may  include  more  than  one  of  these  processes.  In  the  papers  of  Kor- 
schelt  (32),  Goetsch  (19),  and  Hellmich  (23)  will  be  found  accounts  of 
this  histological  aspect  of  regeneration  and  many  references.  To  review 
these  histological  relationships  and  the  effects  of  irradiation,  as  described 
in  particular  cases,  reference  will  be  made  to  some  of  the  recent  papers 
which  deal  with  the  histology  of  regeneration  in  the  various  phyla  and  to 
studies  of  regeneration  that  have  been  undertaken  with  the  technique 
of  irradiation. 

PORIFERA 

The  conditions  in  Porifera  may  be  cited,  although  it  can  be  said  that 
true  regenerative  processes  do  not  occur  in  sponges  because  the  members 
of  this  phylum  have  no  specialized  organs  that  can  be  removed  and  then 
restored.  Some  genera,  such  as  Spongilla,  will  produce  new  functional 
sponges  from  cuttings,  but  many  others  do  not  have  this  power,  although 
healing  and  formation  of  some  new  tissue  undoubtedly  occur.  On  the 
other  hand,  the  reduction  bodies  formed  by  certain  species  (68,  69,  and 
47)  have  long  been  known  to  "regenerate"  new  sponges,  and  sponge 
gemmules  develop  in  a  manner  that  resembles  regeneration.  The  forma- 
tion of  new  sponges  by  the  reunition  masses  produced  from  dissociated 
sponge  cells  should  be  mentioned,  although  such  a  process  may  be 
regarded  as  too  extreme  a  reorganization  to  be  called  regeneration.  In 
the  case  of  reunition,  recent  histological  studies  (68,  70)  indicate  that 
dedifferentiation  and  redifferentiation  into  cells  that  may  be  of  another 
type  do  not  occur  in  the  reassociation  and  subsequent  changes  by  which 
the  new  sponge  is  formed,  and  this  seems  equally  true  in  reduction  and 
the  formation  of  a  new  sponge  that  follows  (47).  The  only  cells  that 
survive  in  numbers  are  the  choanocytes,  which  lose  their  collars  and 
flagella  temporarily  but  become  normal  choanocytes  again  in  the  newly 
forming  mass;  and  the  archaeocytes,  one  type  of  which,  the  nucleolate 
cells,  can  form  all  the  other  cell  types  including  choanocytes;  while 
another  type,  which  includes  smaller  and  more  active  cells,  forms  only 


REGENERATION  413 

the  new  epidermal  membranes  upon  the  external  surface  and  lining  the 
canals.  The  epidermal  areas  and  the  more  specialized  cells  of  the  middle 
region  seem  to  have  no  part  in  the  restoration.  It  is,  however,  difficult 
to  be  sure  of  what  happens  if  one  has  recourse  only  to  the  common  tech- 
niques of  fixation  and  staining  even  though  checked  by  study  of  the  living 
material.  According  to  Wilson  (68,  page  166)  "it  has  yet  to  be  proven 
that  sponge  cells  ever  dedifferentiate  into  a  regenerative,  embryonic 
condition,  although  the  dissociation  phenomena  in  hydroids  lend  some 
support  to  the  view  that  this  is  possible";  and  again,  "the  retention  by 
cells  of  their  essential  nature,  even  after  complete  morphological  dediffer- 
entiation,  is  illustrated  by  the  dissociated  collar  cells." 

Conclusive  evidence  that  archaeocytes  are  essential  for  reunition  in 
sponges  might  be  obtained  by  means  of  the  technique  of  irradiation 
which  appears  not  to  have  been  employed  in  the  attack  upon  this  prob- 
lem. From  unpublished  experiments  conducted  by  the  writer  upon  the 
reunition  and  subsequent  changes  in  Microciona  prolifera  after  exposure 
to  X-rays,  it  appears  that  such  irradiation  retards  the  reunition  process 
and  formation  of  the  new  sponges ;  but  the  data  are  inadequate  for  satis- 
factory conclusions.  The  finding  by  Wilson  and  Penney  (70)  of  three 
principal  types  of  cells,  which  are  important  in  the  reunition  of  sponges, 
may  be  significant  in  relation  to  the  appearance  of  dermal  cells,  gastral 
cells,  and  archaeocytes,  as  the  primary  cell  types  in  the  differentiation  of 
certain  sponges.  A  comparative  study,  by  the  technique  of  irradiation, 
of  differentiation  in  embryonic  development,  in  gemmules,  and  in  the 
reduction  and  reunition  masses  of  sponges  might  yield  important  data 
upon  the  general  problem  of  differentiation  as  well  as  data  upon  this 
problem  in  the  Porifera. 

HYDROZOA 

In  coelenterata  the  histology  of  regeneration  has  proved  difficult  to 
follow,  and  its  study  has  not  been  undertaken  in  many  species  that  have 
been  used  extensively  for  investigations  upon  the  general  physiological 
aspects,  or  what  may  be  called  the  "organismal"  factors  in  contrast  with 
the  histological  factors  involved.  The  hydras  alone  seem  to  have  been 
extensively  studied  with  regard  to  these  cellular  changes.  In  this  family 
the  trend  of  the  recorded  observations  for  many  years  favored  Nuss- 
baum's  account  (46)  of  the  interstitial  cells  as  an  undifferentiated  stock 
from  which  all  the  other  cell  types  arose,  both  in  reproduction  and  in  the 
normal  growth  of  the  animal.  The  abundance  of  such  totipotent  cells 
explained  the  great  powers  of  regeneration  observed  in  these  animals. 
On  the  other  hand,  Rowley  (50),  in  a  brief  paper  without  figures,  con- 
cluded that  in  Hydra  viridis  "the  new  cells  which  appear  during  the 
regeneration  of  the  hydra  are  formed  by  division  of  the  old  cells  through- 
out the  entire  piece,  as  in  the  normally  growing  animal."     She  found 
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evidence  for  division  in  the  large  cells  of  both  ectoderm  and  endoderm 
and  raised  the  question  whether  the  division  of  interstitial  cells  so  com- 
monly observed  during  regeneration  might  not  be  related  primarily  to 
the  formation  of  new  cnidoblasts  and  their  nematocysts,  which  the 
regenerate  produced  in  large  numbers  when  tentacles  and  hypostome 
were  being  restored.  Hadzi  (20,  21)  concluded  that  buds  arose  from 
interstitial  cells,  and  Schulze  noted  (53)  that  all  tissue  elements  of  the 
hydra  arose  from  such  cells.  Gelei  (18),  however,  found  mitoses  fre- 
quently in  all  cell  types  of  Hydra  grisea,  except  cnidoblasts  and  the  cells 
of  the  tentacles,  and  concluded  that  the  whole  organism  was  not  far  from 
an  embryonic  state.  Kanajew  (29,  30)  regarded  the  regeneration  in 
Pelmatohyd.ra  oligactis  as  a  result  of  the  transformation  of  interstitial 
cells  into  other  cell  types,  since  he  found  mitoses  rare  in  the  differentiated 
cells  and  abundant  in  the  undifferentiated  or  interstitial  cells.  He 
described  the  latter  as  migrating  through  the  supporting  lamella  and  then 
differentiating  into  the  new  endoderm  cells.  In  a  later  study  (31)  his 
earlier  observations  were  not  substantiated,  and  he  concluded  that  the 
interstitial  cells  played  an  insignificant  part  in  regeneration  and  budding, 
since  regenerating  parts  and  buds  were  formed  principally  at  the  expense 
of  the  neighboring  differentiated  cells,  as  shown  by  histological  study  and 
by  the  transplantation  of  parts  that  had  been  vitally  stained.  The 
observations  of  Strelin  (61)  upon  Pelmatohydra  oligactis  further  support 
the  concept  of  an  embryonic  role  for  the  interstitial  cells;  but  this  inter- 
pretation is  not  supported  by  the  observations  of  McConnell  (43)  who 
described  abundant  mitoses  in  the  epitheliomuscular  cells  of  P.  oligactis 
and  hence  concluded  "there  is  no  evidence  that  the  indifferent  interstitial 
cells  of  the  ectoderm  or  endoderm  are  elaborated  into  the  large  epithelio- 
muscular cells,"  and  further,  in  a  second  paper  (44),  that  the  secretory 
cells  of  the  endoderm  also  reproduced  by  mitosis.  There  seems  no 
reason  to  consider  the  possibility  of  amitosis  in  hydras,  since  only  mitosis 
has  been  recorded  by  recent  investigators. 

With  such  contrasting  views  one  despairs  of  a  solution  of  the  problem 
by  the  ordinary  methods  of  histological  study,  although  the  presumption 
favors  the  conclusions  of  investigators  such  as  Kanajew,  who  has  changed 
his  opinion,  or  McConnell,  whose  microphotographs  demonstrate  the 
existence  of  mitoses  which  he  describes  as  frequent,  rather  than  the 
opposite  conclusions  of  Strelin  (61)  and  others  who  may  have  overlooked 
mitoses  in  their  material.  There  is  also  the  possibility  that  species  of 
hydras  differ  in  this  particular,  or  that  the  members  of  a  species  exhibit 
seasonal  differences.  A  new  mode  of  observation  or  experimentation 
might  yield  facts  that  would  be  more  convincing  than  any  available  by 
older  methods.  If,  for  example,  one  could  destroy  all  the  interstitial 
cells  without  too  great  injury  to  the  individual,  it  would  be  possible  to 
determine  the  potencies  of  the  cells  that  remained.     It  appears  that  such 
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an  elimination  of  interstitial  cells  can  be  virtually  accomplished  by  the 
technique  of  irradiation. 

In  correlated  investigations  Zawarzin  (71)  and  Strelin  (62)  have 
described  the  gross  and  also  the  histological  effects  of  X-rays  upon 
regeneration  and  budding  in  Pelmatohydra  oligactis.  The  exposures, 
given  as  79  r  per  min.  ranged  from  about  100  to  395  r.  The  gross  effects 
of  this  irradiation,  as  described  by  Zawarzin,  included  both  a  stimulation 
and  a  retardation  upon  budding  as  well  as  regeneration.  These  effects 
were  so  related  to  the  irradiation  that  the  stimulating  effect  appeared 
immediately  after  exposure,  the  retarding  effect  only  after  an  interval 
or  latent  period.  There  was  no  latent  period  in  the  sense  of  a  period 
during  w^hich  no  recognizable  changes  occurred.  The  total  effect  was 
the  sum  of  these  retarding  and  stimulating  factors.  As  would  be  the 
case  with  temperature,  there  were  optimum  and  maximum  exposures  so 
that  the  rule  of  Arnd-Schulze  held  for  X-rays  in  this  instance.  In  addi- 
tion to  the  primary  stimulation  by  the  rays,  there  appeared  in  later 
stages  following  heavy  exposures  a  secondary  stimulation  as  evidenced 
by  the  regeneration.  The  operations  for  regeneration  resulted  in  an 
increased  resistance  to  the  rays,  since  operated  individuals  survived  strong 
exposures  better  than  nonoperated  individuals.  Spring  hydras  were 
found  to  be  more  resistant  to  the  rays  than  summer  hydras.  The  quan- 
titative method  of  estimating  the  rapidity  of  regeneration  by  number  of 
tentacles  regenerated  was  regarded  by  Zawarzin  as  sufficiently  accurate 
for  estimation  of  the  biological  effects  of  the  radiation.  The  failure  to 
secure  clear  evidence  for  a  stimulating  effect  of  such  radiations  in  the 
higher  vertebrates  Zawarzin  believed  due  to  complexities  of  the  physio- 
logical reactions  which  mask  any  such  response  that  may  occur.  He 
accepted  the  conclusions  of  others  that  such  a  stimulating  effect  can  be 
demonstrated  in  plants,  in  protozoa,  in  various  invertebrates,  and  even 
in  the  lower  vertebrates,  as  shown  by  the  more  rapid  growth  of  axolotl 
larvae  after  weak  exposures  to  X-rays  (27). 

Strelin  (62),  in  a  histological  study  of  Zawarzin's  material,  found  a 
complete  agreement  between  the  occurrence  and  activities  of  interstitial 
cells  and  the  power  of  regeneration  in  these  P.  oligactis.  The  increased 
rate  of  regeneration,  which  Zawarzin  considered  evidence  for  a  stimulating 
effect  by  the  rays,  was  correlated  by  Strelin  with  a  more  rapid  differentia- 
tion of  interstitial  cells  and  hence  their  more  rapid  disappearance  from 
the  ectoderm,  with  eventual  retardation  or  loss  of  the  power  of  regenera- 
tion. There  were  no  interstitial  cells  to  be  found  in  the  later  stages  of 
hydras  receiving  heavy  exposures  and  such  hydras  had  no  power  of 
regeneration  (Fig.  1,  A  and  B).  These  heavily  exposed  individuals 
showed  a  certain  degree  of  degeneration  which  Strelin  attributed  to  the 
loss  of  functions  normally  performed  by  the  interstitial  cells.  The  most 
significant  cases  appear  to  be  those  following  exposures  in  which  some 
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interstitial  cells  survived  (Fig.  1,  C  and  D).  In  correlation  with  the 
destruction  of  interstitial  cells,  such  an  individual  lost  for  the  time  being 
its  power  of  regeneration ;  but  the  few  surviving  interstitial  cells  began  to 
multiply  and  eventually  the  power  of  regeneration  was  restored.  Strelin 
concluded  that  destruction  of  interstitial  cells  by  the  X-rays  caused  loss 
of  the  power  of  regeneration  and  of  budding,  and  that  the  data  obtained 
by  Zawarzin  and  himself  furnished  conclusive  proof  that  the  interstitial 
cells  functioned  as  a  reserve  of  embryonic  material  from  which  the  other 
cell  types  were  differentiated. 


Fig.  1. — Microphotographs  showing  effect  of  X-rays  upon  cells  oi  1',! inntnhyihn  oHgactis. 
A,  from  longitudinal  section  of  a  normal  specimen  showing  ectoderm,  supporting  lamella, 
and  part  of  endoderm.  B,  from  similar  section  of  an  irradiated  specimen  showing  no 
interstitial  cells  in  ectoderm.  C,  from  a  3-day  irradiate  showing  early  stage  in  restoration  of 
interstitial  cells  from  a  few  such  cells  that  sur^-ived.  D,  later  stage  of  this  restoration. 
{From  Strelin,  62.) 

The  results  described  by  these  two  investigators  seem  to  justify 
Strelin's  conclusions,  although  it  can  be  argued  that  the  rays  affect  all 
the  cells  of  the  hydra  and  so  alter  the  physiological  state  of  the  individual 
as  a  whole  that  it  becomes  temporarily  incapable  of  regeneration,  and 
with  heavier  exposures  its  state  becomes  so  much  altered  that  death 
ensues.  Moreover,  one  is  critical  of  Zawarzin's  interpretations  where 
the  combination  of  stimulating  and  retarding  effects  is  intermingled  in 
the  manner  described.  These  results  should  be  thoroughly  checked  by 
other  workers  familiar  with  the  technique  of  irradiation  and  the  histology 
of  hydras.  To  prove  the  case  beyond  question  it  would  be  necessary  to 
produce  hydras  in  which  the  interstitial  cells  had  all  been  destroyed  and 
in  which  the  capacity  for  regeneration  as  well  as  that  to  perform  other 
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functions  apparently  dependent  upon  these  cells  had  been  lost,  yet,  m 
spite  of  these  losses,  organisms  in  which  the  power  to  live  indefinitely 
persisted,  just  as  a  mammal  sterilized  by  irradiation  may  live  out  its 
usual  span  of  existence.  This  might  be  impossible  with  the  hydra, 
because  some  necessary  function  of  the  organism,  such  as  the  formation 
of  nematocysts,  might  be  lost  with  the  destruction  of  the  interstitial 
cells,  and  further  because  the  normal  span  of  life  could  not  be  determined. 
Many  investigators  have  ascribed  a  similar  embryonic  role  to  the 
interstitial  cells  in  marine  hydrozoa  ever  since  the  investigations  of 
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Fig.  2. — Effects  of  beta  rays  of  radium  upon  regeneration  in  Tuhularia  crocea.  Left — 
curves  showing  acceleration  of  hydranth  regeneration  due  to  seven  hours'  exposure; 
ordinates  indicate  percentage  of  development;  abscissas,  hours  from  time  of  cutting;  broken 
line  represents  controls;  continuous  line,  irradiates;  bracket  indicates  period  of  exposure. 
Right — curves  showing  retardation  of  hydranth  regeneration  from  a  27-hr.  exposure; 
details  as  in  last.      (From  Congdon,  11.) 

Weismann  upon  hydroids.  Others  have  disputed  this  doctrine;  but  the 
histology  of  these  hydrozoa  has  not  been  so  exhaustively  studied  as  that 
of  hydra.  Congdon  (11)  exposed  pieces  of  the  stems  of  Tuhularia  crocea, 
from  which  the  hydranths  had  just  been  removed,  to  beta  radiations  from 
300  mg.  of  impure  radium  for  periods  up  to  three  days  in  length.  He 
found  that  the  shorter  exposures  accelerated  and  that  the  longer  ones 
retarded  the  regeneration.  The  degree  of  retardation  increased  slowly 
with  lengthening  exposure;  but  the  degree  of  retardation  relative  to  the 
length  of  exposure  decreased  with  lengthening  exposure.  In  order  to 
express  the  amount  of  regeneration  numerically,  the  whole  process  of 
restoring  a  hydranth  was  divided  arbitrarily  into  eight  stages  as  observed 
during  the  three  or  four  days  involved,  so  that  the  stage  of  regeneration  of 
each  piece  could  be  calculated  for  exposed  and  for  control  sets.  The 
results  are  indicated  by  Fig.  2  which  shows  that  acceleration  and  retarda- 
tion result  from  different  types  of  exposure.  By  means  of  correlation 
tables,  appearing  as  his  Figs.  7  and  8,  Congdon  showed  the  conditions 
determining  whether  acceleration  or  retardation  would  occur.  Upon 
the  whole  it  appeared  that  the  exposures  producing  acceleration  were  the 
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shorter,  while  the  amount  of  retardation  varied  directly  with  the  length 
of  the  exposure.  He  concluded  further  that  there  was  "much  to  indicate 
that,  if  time  be  given  for  the  cut  pieces  to  partially  regenerate  before 
exposure,  the  effect  of  the  beta  radiation  is  decreased";  and  that  "differ- 
ing amounts  of  regeneration  before  exposure  played  only  a  minor  part  in 
the  various  retardations  and  accelerations."  However,  "the  retarding 
effect  does  not  increase  so  rapidly  as  the  length  of  exposure,  though  within 
the  limits  of  these  exposures,  it  does  continue  to  increase.  In  other  words, 
the  sensitiveness  of  the  hydroid  decreases  as  the  length  of  exposure 
increases."  According  to  Congdon,  this  might  be  "simply  an  expression 
of  Weber's  law,  that  beyond  a  certain  maximum  of  intensity  any  stimulus 
has  a  decreasing  power  of  stimulation.  Or,  it  may  be  that  the  early 
stages  of  regeneration  are  more  sensitive  to  exposures  for  the  same  reasons 
that  the  embryo  is  more  sensitive  than  the  adult." 

Curtis  and  Ritter  (15),  in  a  study  of  Tuhularia  crocea  demonstrated 
that  the  power  of  regeneration  could  be  completely  inhibited  by  X-rays. 
The  data  relating  to  these  exposures  are:  65,000  v.,  5  ma.,  thin  card- 
board filter,  emission  31.4  r  per  min.  Small  masses  from  a  colony,  with 
basal  entanglement  of  the  stems  intact,  were  spread  fanwise  to  form  an 
approximately  single  layer  in  a  Petri  dish  containing  a  measured  amount 
of  water  that  was  estimated  to  be  not  more  than  8  mm.  deep  in  any  part 
of  the  dish.  There  was  necessarily  considerable  difference  in  the  depth  of 
water  that  screened  any  one  part  of  a  stem  or  hydranth  from  the  rays. 
With  exposures  in  different  experiments  ranging  from  30  to  120  min. 
it  was  found  that  90  min.  was  sufficient  for  inhibition  of  hydranth  regener- 
ation in  almost  every  instance.  Thus,  with  a  90-min.  exposure  the 
regeneration  of  hydranths,  which  was  normally  accomplished  within 
48  hr.,  was  completely  inhibited,  although  the  stems  remained  alive  for 
upward  of  20  days,  which  was  as  long  as  it  was  possible  to  maintain 
normal  stems  or  colonies  under  the  artificial  conditions  of  the  experi- 
ments. The  irradiated  stems  could  produce  outgrowths  resembling 
hydrorhizae,  apparently  by  rearrangement  of  existing  material,  but  never 
hydranths  when  the  exposure  was  sufficient.  Externally  the  stems  were 
normal  to  all  appearances  when  compared  with  the  living  controls  in  any 
experiment,  and  internally  the  normal  circulation  within  the  enteron 
was  maintained.  This  latter  feature  indicated  that  the  physiological 
state  of  the  endoderm  cells  could  not  have  been  much  disturbed  by  the 
radiation.  Such  nonregenerates  could  not  live  indefinitely  without 
hydranths.  They  did  live  as  long  as  normal  stems  and  portions  of  the 
colonies  remained  alive  under  similar  conditions.  During  such  a  3-week 
period  a  control  stem  might  have  its  hydranth  removed  3  or  4  times 
with  subsequent  regenerations,  while  the  X-rayed  stems  after  similar 
removals  of  oral  portions  showed  only  a  series  of  healings.  In  this  case 
the  irradiated  piece  seems  to  meet  the  specifications  for  continued  exist- 


REGENERATION  419 

ence  during  as  long  a  period  as  a  normal  individual,  but  the  situation  is 
complicated  by  existence  under  laboratory  conditions  and  by  the  fact 
that  this  hydroid  appears  in  shallow  waters  at  Woods  Hole,  Mass.,  about 
May  15  and  dies  in  these  habitats  during  July,  although  it  may  still  be 
found  in  deeper  water.  The  histological  changes  following  the  irradia- 
tion remain  to  be  studied.  It  is  known,  however,  that  this  species 
possesses  many  interstitial  cells. 

It  appears,  then,  with  coelenterates  that  lighter  exposures  to  X-rays 
and  to  the  beta  rays  of  radium  result  in  some  acceleration  of  the  rate, 
while  heavier  exposures  result  in  a  retardation  and  ultimately  a  destruc- 
tion of  the  po'^-er  of  regeneration.  In  hydras  both  the  acceleration  and 
the  retardation  have  been  correlated  with  the  effects  of  the  radiations 
upon  the  interstitial  cells  which  many  investigators  have  thought  capable 
of  producing  all  the  other  cell  types,  and  therefore  possessing  embryonic 
potentialities.  The  destruction  of  embryonic  cells  might  be  expected 
by  these  radiations  in  accordance  with  the  law  of  Bergonie  and  Tri- 
bondeau,  and  such  destruction  would  account  for  the  loss  of  regenerative 
power.  Irradiation  furnishes  a  technique  by  which  the  problem  of 
differentiation  in  the  regenerating  organism  may  be  attacked  in  a  more 
advantageous  manner  than  by  any  mechanical  operation  or  by  any 
technique  of  staining  unless  it  be  the  use  of  vital  dyes. 

TURBELLARIA 

Among  platyhelminthes,  the  fresh-water  planarians  have  been  most 
extensively  studied  for  regeneration.  In  recent  years  investigators  of 
the  histological  changes  have  commonly  agreed  that  the  so-called 
"formative"  or  "regeneration"  cells  of  the  mesodermal  region  are  the 
source  from  which  new  organs  and  tissues  arise  during  regeneration. 
There  is,  however,  disagreement  regarding  the  origin  of  these  cells  (Fig.  3). 
Investigators  such  as  Vandel  (66)  and  Steinmann  (55  and  56)  maintain 
that  formative  cells  originate  by  dediiferentiation,  while  others  such  as 
Curtis  and  Schulze  (14)  regard  the  formative  cells  as  a  persistent  embry- 
onic stock  and  mamtain  that  the  differing  powers  of  regeneration  in 
certain  genera  of  planarians  may  be  related  to  the  relative  abundance  of 
these  cells.  Despite  much  investigation  of  its  role  in  regeneration,  the 
parenchyma  of  planarians,  as  Bartsch  (4,  page  199)  puts  it,  is  "ein  sehr 
beliebtes  Streitobjekt  aller  Planarienforscher."  The  technique  of 
irradiation  has  been  applied  to  this  problem. 

In  a  brief  but  comprehensive  paper,  Bardeen  and  Baetjer  (3)  described 
the  effects  of  X-rays  upon  regeneration  in  Planaria  maculata  and  P. 
luguhris.  The  worms  were  exposed  to  "medium  soft"  X-rays  from 
10  to  20  min.  each  day  for  a  period  of  from  12  to  18  days,  after  which 
they  remained  alive  20  to  30  days  from  the  beginning  of  the  various  experi- 
ments.    In  the  exposed  worms,  healing  occurred  by  an  initial  muscular 
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contraction  and  subsequent  extension  of  the  old  epithelium  as  in  controls, 
but  the  epithelium  remained  thin  and  did  not  become  columnar  as  is 
normally  the  case.  There  was  a  slight  production  of  new  tissue  at  the 
cut  surfaces  in  some  of  the  worms  cut  just  before  or  soon  after  the  first 
exposures  and  hence  without  allowance  for  a  latent  period  in  the  action 
of  the  rays.  There  was  no  new  tissue  at  these  surfaces,  or  in  the  region 
where  a  pharynx  would  have  been  formed  in  a  normal  regenerate,  when 
the  specimens  were  cut  well  after  a  sufficient  exposure.  Microscopic 
examination  of  a  few  specimens,  taken  at  varying  periods  after  the  last 
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Fig.  3. — Source  of  formative  cells  in  planarians  according  to  the  conflicting  theories  of 
these  cells  as  a  persistent  embryonic  stock  and  as  arising  by  dedifferentiation.  {From 
Curtis  and  Schulze,  14.) 

exposure  in  one  of  the  experiments,  showed  no  marked  alteration  in  the 
specialized  cells  of  the  muscular,  nervous,  and  digestive  systems ;  but  the 
testes  showed  none  of  the  mitotic  divisions  that  were  abundant  in  testes 
of  controls.  A  single  specimen  from  another  experiment  killed  within 
the  second  24  hr.  after  being  cut  for  regeneration  showed  no  signs  of  cell 
division,  although  controls  showed  abundant  mitoses  in  the  "tissue- 
forming  parenchymal  cells"  at  this  period.  After  irradiation  the  physio- 
logical activities  of  whole  worms  were  apparently  normal  as  shown  by 
"normal  reactions  to  light,  to  mechanical,  and  to  chemical  (food)  stimuli." 
The  authors  did  not  describe  the  external  changes  just  preceding  death, 
except  to  say  that  death  resulted  from  a  "degenerative  process  which 
began  in  the  region  of  the  head  and  extended  slowly  back."  A  few 
recently  hatched  individuals,  which  they  observed,  were  "affected  like 
the  mature  specimens  but  more  quickly." 

From  these  observations  Bardeen  and  Baetjer  concluded  that  "the 
power  of  regeneration  may  be  completely  destroyed  by  exposing  planar- 
ians to  the  action  of  the  roentgen  rays " ;  that  these  rays  "have  a  powerful 
inhibitive  effect  upon  cell  reproduction  in  planarians,"  and  that  this  cell 
division  "may  be  entirely  stopped  by  sufficient  exposure."  Evidence 
for  a  latent  period  in  the  action  of  the  rays,  which  was  known  to  clinicians 
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at  the  time  of  this  work,  was  also  recorded.  The  fact  which  was  then 
being  recognized  that  the  effects  of  these  radiations  upon  organisms  were 
due  "primarily  to  their  action  upon  cells  capable  of  reproductive  activity" 
and  which  was  soon  to  be  formulated  as  the  law  of  Bergonie  and  Tri- 
bondeau,  was  thus  supported  by  the  work  of  these  investigators.  After 
so  comprehensive,  although  brief,  a  survey  of  the  effects  in  planarians 
it  is  surprising  that  other  studies  upon  the  effects  of  such  radiations  upon 
regeneration  did  not  follow  immediately.  The  paper  by  Schaper  (51) 
recording  observations  on  the  effects  of  radium  emanation  upon  embry- 
onic and  regenerative  processes  contains  nothing  regarding  planarians, 
except  a  very  brief  account  of  a  similar  check  upon  regeneration  by 
exposure  of  Planaria  luguhris  to  radium.  In  none  of  this  early  work 
was  it  possible  to  determine  exactly  what  exposures  were  being  given, 
as  can  be  done  in  current  experimentation. 

So  far  as  the  writer  of  the  present  article  is  aware,  the  next  studies 
upon  the  effects  of  X-rays  in  the  regeneration  of  planarians  were  those 
by  himself  and  his  students,  as  variously  reported  before  the  American 
Society  of  Zoologists  (15)  and  the  work  of  Weigand  (67).  These  investi- 
gations were  undertaken  as  a  renewal  of  earlier  studies  upon  the  histo- 
logical changes  of  regeneration  of  planarians  (12)  in  which  the  importance 
of  a  reserve  stock  of  "formative  cells"  had  been  indicated.  It  was 
thought  that  the  abundance  of  these  cells  in  different  species  might  be 
correlated  with  the  contrasting  powers  of  regeneration  that  had  long  been 
known  to  occur  in  planarians,  and  this  appears  to  be  the  case  in  Planaria 
maculata  as  compared  with  Procotyla  fluviatilis  (14).  The  technique  of 
irradiation  gave  promise  in  the  attack  upon  this  problem  and  the  results 
justified  the  expectation  (Fig.  4).  With  exposures  ranging  from  2500 
to  3500  r  planarians  such  as  P.  maculata  and  P.  agilis,  which  have  great 
powers  of  regeneration  and  many  formative  cells,  were  rendered  incapable 
of  regeneration,  although  some  of  the  worms  remained  alive  for  30  days 
or  more  before  beginning  to  show  abnormalities  that  were  the  forerunners 
of  death.  Somewhat  lighter  exposures  produced  individuals  that  regener- 
ated slowly  or  imperfectly  and  with  a  minimum  of  new  tissue  at  the  cut 
surfaces.  In  some  instances  such  individuals  recovered  from  the  effects 
of  the  irradiation  and  regenerated  normally  when  cut  60  or  70  days  after 
the  date  of  exposure.  When  irradiated  worms  were  sectioned,  it  was 
found  that  the  formative  cells  were  proportionately  reduced  in  numbers. 
In  the  heaviest  exposures  these  cells  were  so  far  eliminated  that  there 
seemed  to  be  none  remaining  in  many  of  the  specimens  (Fig.  5).  The 
mesodermal  region  was  thus  changed  from  its  characteristic  appearance 
in  Planaria  agilis  to  that  seen  in  the  postpharyngeal  region  of  Procotyla 
fluviatilis  (14)  which  is  incapable  of  regeneration.  In  experiments 
with  radium,  in  which  an  exposure  about  equivalent  to  that  with  the 
X-rays  was  used,  regeneration  was  inhibited  in  a  similar  manner. 
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Fig.  4. — Inhibition  of  regeneration  and  destruction  of  formative  cells  in  Planaria  agilia 
by  X-raya.  Ep,  epithelium;  F.C,  formative  cells;  G,  gut;  M.F.,  muscle  fibers;  N.S., 
nucleus  of  syncytium;  S,  syncytium.      {From  Curtis,  13.) 


Fig.  5. — Microphotographs  showing  effect  of  X-rays  (3500  r)  upon  formative  cells  of 
Planaria  agilis.  Left — part  of  a  longitudinal  section  of  control  showing  many  formative 
cells  in  parenchyma.  Right — similar  section  of  an  irradiate  10  days  after  exposure  showing 
parenchyma  without  formative  cells  but  with  the  syncytium,  muscle  fibers,  etc.,  intact; 
lobes  of  the  gut  and  part  of  nerve  cord  are  seen.     Compare  with  Fig.  4. 
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In  his  extensive  study  of  the  effects  of  radium  irradiation  upon 
Polycelis  nigra,  and  comparisons  with  Planaria  torva  and  Planaria  lugubris, 
Weigand  (67)  has  considered  both  the  gross  and  the  histological  changes 
involved.  As  a  source,  Weigand  used  a  radium  bromide  preparation 
containing  about  15  mg.  and  enclosed  in  a  steel  capsule  mth  a  mica 
window  10  mm.  in  diameter.  For  longer  periods  the  planarians  were 
exposed  three  at  a  time  in  a  glass  container  4  mm.  deep  and  10  mm.  wide 
and  covered  with  thin  aluminum  foil.  The  container  was  filled  with 
water  and  placed  directly  on  the  mica  window  of  the  capsule.  For  the 
exposures  of  5,  10,  and  15  min.  a  block  of  paraffin  with  a  similar  cavity 
was  used.  This  procedure  seemed  not  to  result  in  a  lack  of  oxygen  or  an 
undue  increase  of  temperature,  except  in  a  few  instances. 

The  experiments  included  exposures  ranging  from  5  min.  to  16  hr. 
and  the  period  of  observation  ranged  from  6  to  27  days  between  the  begin- 
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Fig.  6. — Concrescence  in  wound  region  of  head  and  tail  pieces  of  Polycelis  nigra  exposed 
to  radium  and  cut  immediately  after.  7  Tge.,  etc.,  days  after  such  exposure  and  operation. 
{From  Weigand,  67.) 

ning  of  the  experiment  and  death  or  fixation  of  the  individual  specimens. 
In  all  the  experiments  on  regeneration  the  worms  were  cut  transversely, 
through  the  region  of  the  pharynx,  into  head  and  tail  pieces.  When 
alive,  the  head  pieces  showed  the  typical  cap  of  regenerative  tissue  at  the 
cut  surface  and  the  new  mouth,  which  could  be  compared  in  controls  and 
in  the  irradiates;  but  the  regenerated  pharjoix  could  be  identified  only  as 
it  happened  to  be  thrust  from  the  mouth  opening.  The  tail  pieces  showed 
the  new  tissue  with  its  subsequent  development  of  eyes  and  typical  head 
outline,  the  mouth,  and  the  pharynx  only  when  extruded.  For  other 
details  sections  were  necessary. 

In  Weigand's  first  experiment  Polycelis  nigra  was  variously  exposed 
and  in  each  case  cut  immediately  after  the  exposure.  It  was  found 
that  the  rays  did  not  have  a  lethal  effect,  within  the  period  of  observation 
(13  to  21  days),  if  exposure  did  not  exceed  15  hr.,  as  in  this  experiment, 
although  the  specimens  that  were  exposed  more  than  15  m.in.  showed 
characteristic  concrescence  of  the  margins  and  other  deformations  that 
eventually  prove  lethal  (Fig.  6).  All  the  irradiated  pieces  began  to 
regenerate,  at  least  the  wound  healing  was  completed.  The  amount  of 
regenerative  tissue  that  could  be  seen  externally  as  the  "cap"  diminished 
with  increased  exposure  and  the  regeneration  became  correspondingly 
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restricted  and  delayed  as  to  formation  of  such  new  tissue  and  mouth 
openings  (Fig.  7).  Eyes  appeared  only  on  the  tail  pieces  exposed 
5,  10,  and  15  min.,  respectively,  and  their  appearance  was  some  4  days 
later  than  in  controls.  The  individuals  receiving  these  short  exposures 
did  not  show  the  deformations  found  in  longer  exposures  and  the  regener- 
ation was  eventually  completed.  Exposures  of  30  min.  and  longer  showed 
progressive  reduction  in  the  amount  of  regeneration  tissue  formed  and 
correlated  failure  to  form  the  lost  parts  (Fig.  7),  followed  by  increasing 
deformation  in  later  stages.  The  head  pieces  seemed  slightly  more  resist- 
ant to  deformation  than  the  tail  pieces. 

A'         5  Min.    10  Min.    I&  Min.  30  Min.     t  Std.        2  Sid.       4  Std.      6  Std.     8  Sid.      15  Std. 


>  5  Tfje. 


7  Tge. 


Am  14.  Tag  nach  BestrahluDg  sind  sSmtllche 

Tellstacke,   die  hCher  als  30  Min.  bestrahlt 

warden,  deformiert. 


14  Tijc. 


Fig.  7. — Cap  of  regenerative  tissue  on  head  and  tail  pieces  of  controls  and  irradiates 
of  Polycelis  nigra,  exposed  to  radium  from  5  min.  to  15  hr.,  as  the  cap  appears  at  5,  7,  and 
14  days,  respectively.  K,  the  control.  The  cap  is  white,  the  old  tissue  shaded.  {From 
Weigand,  67.) 

In  other  experiments  the  worms  were  exposed  and  cut  1,  1^^,  2,  and 
3  days  after  exposure.  In  general  this  procedure  resulted  in  progressively 
greater  injury  than  occurred  when  the  cutting  followed  immediately 
after  exposure.  In  those  cut  at  3  days,  the  formation  of  the  cap  failed 
almost  completely,  the  concrescence  and  deformation  appeared  earlier, 
and  the  mouth  opening  appeared  less  frequently. 

From  one  experiment  made  upon  Planaria  torva  and  two  upon 
P.  lugiibris,  for  comparison  with  the  foregoing  results  in  Polycelis  nigra,  it 
appeared  that  P.  torva  reacted  much  the  same  as  P.  nigra  when  cut 
immediately  after  exposure,  while  P.  luguhris  showed  greater  resistance 
to  similar  exposures  by  the  formation  of  more  regenerative  tissue,  by 
later  and  less  inhibition  of  regeneration,  and  by  less  deformation. 

In  a  series  of  experiments  in  which  the  worms  were  cut  from  1}^  to 
9  days  before  exposure  (Fig.  8),  it  was  shown  that  the  cap  of  regenerative 
tissue  became  more  resistant  to  the  irradiation  as  it  grew  older,  that  is,  as 
its  differentiation  proceeded.  Complete  regeneration  occurred  when  the 
exposure  was  not  made  until  a  sufficient  age  had  been  reached  by  the 
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regenerative  tissue.  Feeding  was  shown  to  have  no  effect  upon 
the  changes  following  irradiation.  Whole  specimens,  irradiated  but  not 
cut  for  regeneration,  showed  the  deformations  seen  in  later  stages  of  head 
and  tail  pieces.     The  worms  sur-  ,     , 
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vived  exposures  up  to  15  min. 
without  subsequent  abnormali- 
ties, but  longer  exposures  re- 
sulted in  deformations  which 
presumably  would  have  been 
fatal  in  all  cases.  P.  lugubris 
again  showed  greater  resistance 
as  whole  individuals.  With  an 
aluminum  filter  that  cut  out  the 

beta   and   the   softer   gamma   rays  Fig.  8.— Cap  of  regenerative  tissue  on  head- 

„             ,  and    tailpieces    of    controls    and    irradiates    oi 

there    was    much    less    etlect    than  Polycdis  nigra  exposed  to  radium  2  hr.,  as  the 

with     the     unfiltered     irradiation,  cap  appears  7  days  after  the  operation  when 

.                                   ,  ,  time  of  exposure  is  varied.     K,  control.      1 H 

Many     Ot      the     irradiates      could  Tj,e.  to  5  r^e.,  exposures  made  at  m  to  5  days 

hardly   be   distinguished  from  the  respectively  after  the  operation  of  cutting  into 

head  and  tail  pieces.      (From  Weigand,  67.) 

controls. 

In  the  histological  study,  it  was  found  that  the  cellular  changes 
induced  by  the  irradiation  could  be  recognized  as  early  as  2  hr.,  whereas 
external  changes  might  not  be  recognized  in  such  an  individual  until 
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Fig.  9. — Effect  of  radium  upon  cells  of  Polycelis  nigra.  Left — a  sagittal  section  through 
posterior  end  of  a  head  piece,  used  as  control  and  killed  4  days  after  operation,  showing 
normal  accumulation  of  cells  that  form  the  cap  of  regenerative  tissue  visible  externally. 
Right — sagittal  section  through  posterior  end  of  an  irradiated  head  piece  exposed  6  hr.,  cut 
immediately  thereafter,  and  killed  6  days  after  such  exposure  and  operation.  Compare 
the  parenchyma  with  that  shown  in  Fig.  5,  right.  There  is  no  cap  of  regenerative  cells. 
The  wound  has  been  healed  by  extension  of  the  old  epithelium.  Da,  gut  lobe;  Ep,  epithe- 
lium; Pa,  parenchyma;  Ph,  pharynx;  PhT,  pharynx  sheath;  Pig,  pigment;  RZ,  regenerative 
cells.      (From  Weigand,  67.) 

4  or  5  days  after  the  exposure.  In  worms  cut  immediately  after  irradia- 
tion of  from  3  to  15  hr.  (Fig.  9)  healing  occurred  in  the  irradiates  in  the 
same  manner  as  in  controls  by  extension  of  the  old  epithelium ;  but  there 
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was  no  such  abundant  mitosis  in  the  cells  of  the  parenchyma.  At  24  hr. 
there  was  no  beginning  of  a  cap  of  regeneration  cells  at  the  cut  surface, 
and  abnormal  mitoses  were  numerous  in  the  parenchyma  while  other  parts 
appeared  normal.  At  48  hr.  it  appeared  that  exposures  longer  than 
30  min.  had  hindered  cell  division  to  such  an  extent  that  no  cap  of 
regeneration  cells  was  formed.  Exposures  up  to  30  min.  gave  some  abnor- 
mal cell  division  but  did  not  completely  check  the  normal  mitoses  and 
formation  of  the  cap.  In  general  the  number  of  all  mitoses,  both  normal 
and  abnormal,  declined  with  increasing  periods  of  exposure.  Dediffer- 
entiation  was  found  in  both  irradiates  and  controls.  It  seemed  not  to  be 
influenced  by  the  rays  except  as  mitosis  was  involved.  At  72  hr.,  with 
the  higher  exposures,  there  was  extensive  cell  degeneration  in  the  paren- 
chyma (Fig.  10). 

The  worms  cut  1  to  3  days  after  irradiation  showed  greater  injury 
to  the  tissue  than  those  cut  immediately  after  similar  exposures.  After 
the  shorter  exposures  abnormal  mitoses  persisted  for  a  considerable  time 
with  subsequent  cell  degeneration.  With  the  longer  exposures  cell  divi- 
sion was  lacking  and  degeneration  had  appeared  24  hr.  after  the  cutting. 
Pieces  in  stages  of  deformation  showed  local  degeneration  of  the  body 
epithelium  and  a  degeneration  of  the  parenchyma  as  a  result  of  the 
destruction  of  the  regenerative  cells  (Fig.  10).  The  deformation  as 
externally  visible  resulted  from  an  accumulation  of  degenerating  cell 
material  arising  either  from  the  cells  injured  by  the  rays  or  by  sloughing 
off  of  gut  cells.  Irradiated  whole  specimens  appeared  about  the  same  as 
those  cut  for  regeneration,  except  that  distention  as  a  result  of  accumu- 
lated material  from  the  gut  did  not  occur.  In  the  degenerating  areas 
of  the  surface  there  were  mitoses  and  also  cell  degeneration,  with  the 
latter  predominating  in  later  stages.  Brief  study  of  the  sex  cells  showed 
the  oocytes  and  spermatocytes  in  stages  of  degeneration  4  or  5  days  after 
irradiation.  In  general  the  changes  appeared  later  in  the  more  differ- 
entiated sex  cells  than  in  the  cells  of  the  parenchyma  and  after  longer 
exposures. 

It  was  evident  from  the  foregoing  data  that  the  histological  changes 
involved  in  the  first  instance  the  formative  cells  or  those  with  embryonic 
potencies,  and  that  the  obvious  effect  was  upon  mitosis  in  these  cells. 
The  law  of  Bergonie  and  Tribondeau  was  thus  again  confirmed,  and 
Weigand  thought  he  could  distinguish  as  the  primary  effect  upon  mitosis 
(cf.  1,  2)  pycnosis  along  with  the  absence  of  mitoses  that  was  found 
during  the  first  hours  after  exposure,  and  as  the  secondary  effect  the 
abnormal  mitoses  that  subsequently  appeared.  Since  changes  were  thus 
recognizable  in  the  cells  so  soon  after  the  irradiation,  Weigand  questioned 
whether  one  could  speak  of  a  latent  period  in  the  morphological  sense. 
In  attempting  a  more  complete  analysis  of  his  observations,  the  changes 
in  the  irradiates  were  correlated  with  the  account  of  the  normal  histo- 
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logical  changes  during  the  regeneration  of  planarians  which  derives  the 
formative  cells  by  dedifferentiation  as  well  as  by  division  of  formative 
cells  already  in  existence  (Fig.  3).  According  to  this  concept,  the  indi- 
vidual has  at  the  outset  a  limited  number  of  these  cells  in  its  parenchyma. 
When  it  is  cut  for  regeneration  this  initial  supply  becomes  greatly  reduced 
in  numbers  by  migration  to  the  cut  surface  to  form  the  cap  of  regenerative 
tissue.  As  the  regenerative  and  regulatory  changes  proceed,  more 
formative  cells  are  produced  by  dedifferentiation  of  other  cells  that  are 
not  too  highly  specialized;  and  this  new  crop  multiplies  and  migrates  as 
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Fig.  10. — Effect  of  radium  upon  cells  of  Polycelis  nigra.  Left — a  sagittal  section 
through  the  cap  of  regenerative  tissue  on  a  tail  piece  exposed  30  min.  to  radium,  cut  imme- 
diately thereafter,  and  killed  5  days  later.  In  the  cap  region  there  is  a  very  small  collection 
of  regenerative  cells,  some  of  them  showing  normal  mitoses.  Degenerating  cells  are 
abundant  elsewhere  in  the  parenchyma.  Right — a  detail  from  such  a  section.  Da,  gut 
lobe;  Deg  Z,  degenerating  cell;  Ep,  epithelium;  Mit,  mitoses;  NK,  normal  nucleus;  Pa, 
parenchyma,  RK,  cap  of  regenerative  cells.      {From  Weigand,  67.) 

necessary  (55,  56).  With  this  picture  in  mind,  Weigand  concluded  from 
his  observations  that  the  formative  cells  already  in  existence  were  injured 
by  the  rays,  but  that  the  dedifferentiations  by  which  more  formative  cells 
were  produced  were  not  interrupted.  Only  when  the  dedifferentiating 
cell  reached  the  state  of  a  formative  cell  and  mitosis  began  (Lang,  35)  was 
there  evidence  of  effects  of  the  irradiation.  The  larger  numbers  of 
degenerating  cells  in  later  stages  of  irradiates  that  had  been  cut,  as  com- 
pared with  irradiated  whole  specimens,  were  interpreted  as  resulting 
from  formative  cells  that  had  arisen  by  dedifferentiation  and  then 
degenerated.  The  fact  that  injury  was  greatest  when  the  cutting  was 
done  2  or  3  days  after  exposure  and  the  regeneration  thus  began  at  that 
period,  he  explained  by  supposing  that  more  of  the  cells  capable  of 
dedifferentiation  were  mobilized  at  that  time  and  in  an  especially  critical 
stage.  The  fact  that  a  small  regeneration  cap  could  be  formed  after 
short  exposures  and  the  formative  cells  differentiate  normally  in  the  same 
was  explained  by  supposing  that  some  of  them  had  escaped  injury  and 
retained  their  power  of  migration.  Having  once  arrived  at  the  cap  they 
seemed  more  resistant  to  the  rays,  since  degenerating  cells  were  never 
abundant  in  this  region;  and  as  the  cap  differentiated,  this  resistance 
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increased  (Fig.  8).  There  was  no  evidence  of  a  stimulating  effect  in  the 
action  of  the  rays.  The  highly  differentiated  cells  of  the  gut,  sense 
organs,  nervous  system,  and  musculature  remained  unchanged  until 
affected  by  the  final  deformation  and  degeneration  of  the  piece. 

It  appears  from  these  studies  by  various  investigators  that  the 
inhibition  of  regeneration  in  planarians  by  X-rays  and  radium  involves 
destruction,  or  at  least  injury,  of  the  cells  that  exhibit  embryonic  potencies 
in  normal  regeneration.  The  changes  observed  in  the  chromatin  and  in 
the  mitoses,  as  in  other  instances  of  irradiation,  suggest  that  the  effect  is 
directly  upon  these  cells  and  not  an  indirect  effect  resulting  from  a 
changed  physiological  state  of  the  organism  as  a  whole.  In  other  words, 
cellular  changes  in  this  instance  seem  to  precede  the  organismal  changes 
appearing  as  the  failure  of  regeneration  and  the  degeneration  that 
follows. 

In  a  brief  and  presumably  a  preliminary  statement,  Meserve  and 
Kenney  (41)  have  reported  a  study  of  the  effects  of  X-rays  upon  different 
sized  populations  of  Planaria  dorotocephala  totaling  over  800  individuals. 
They  state  that  the  primary  effects,  which  appear  during  the  first  2  weeks, 
are  largely  of  a  nonspecific  nature,  since  the  head  forms  developed 
resemble  those  induced  by  various  depressants  except  for  one  type  of  head 
formation.  After  any  one  exposure  of  4,  8,  or  12  skin  units,  the  range  of 
distribution  of  types  regenerated  increases  as  crowding  increases.  A 
subsequent  disappearance  of  tissue  differentiated  during  the  first  2  weeks 
seems  to  be  an  effect  of  X-rays  on  planarian  tissue  that  gains  expression 
after  regeneration  has  reached  its  limits  and  that  is  first  apparent  in  the 
region  having  highest  rates  of  metabolism. 

Secondary  effects  were  observed,  in  all  of  the  X-rayed  forms  receiving 
4,  8,  and  12  skin  units,  as  cytolytic  changes,  which  first  became  promi- 
nent 34  days  after  exposure  and  resulted  in  death.  The  authors  state, 
although  there  is  nothing  said  regarding  a  study  of  the  cells  by  means 
of  sections  or  otherwise,  that  their  results  agree  with  those  of  Bardeen 
and  Baetjer  (3),  "who  conclude  that  X-rays  affect  cell  division  and  cell 
differentiation  and  that  the  effects  are  probably  confined  to  these  two"; 
that  "cell  differentiation  is  not  as  much  affected  as  cell  division";  and 
that  "the  effect  upon  cell  division  is  not  direct."  No  reference  is  made 
to  the  work  of  Weigand  (67)  or  to  the  very  limited  observations  which 
Bardeen  and  Baetjer  made  upon  the  cellular  changes,  as  noted  on 
page  420. 

It  is  further  stated  by  Meserve  and  Kenney,  that  "while  both  the 
more  immediate  effects  and  the  delayed  effects  of  X-rays  may  be  specific 
upon  the  protoplasm,  it  does  not  necessarily  follow  that,  because  head 
frequency  is  affected  by  X-rays,  the  factors  which  control  head  frequency 
are  specific  and  directly  related  to  the  activity  of  special  formative  cells. 
The  formative  cell  theory  of  Curtis  does  not  recognize  the  fact  that  the 
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variations  in  head  forms  regenerated  are  the  same  type  as  those  produced 
by  other  physical  and  chemical  agents.  It  is  no  more  necessary  to  assume 
the  selective  action  of  X-rays  on  formative  cells  than  it  is  necessary  to 
assume  selective  action  of  other  physical  and  chemical  agents  which  alter 
head  frequency.  The  first  apparent  effects  of  X-rays,  hke  various  other 
agents,  seems  to  be  not  on  special  formative  cells  but  upon  nonspecific 
protoplasmic  factors  upon  which  head  development  depends." 

With  regard  to  these  statements  it  can  be  remarked  that  while  the 
work  of  Curtis  and  his  students,  like  that  of  many  other  investigators, 
has  shown  the  importance  of  such  cells  in  the  regeneration  of  planarians, 
the  "formative  cell  theory"  is  the  theory  of  Weismann  and  not  of  any 
later  investigator.  It  seems  abundantly  established  that  the  so-called 
formative  or  regenerative  cells  function  in  planarians  in  the  formation 
of  new  parts  during  regeneration  and  that  such  cells  give  rise  to  the  germ 
cells.  As  shown  by  Fig.  3,  the  immediate  origin  of  these  cells  is  not  so 
obvious.  What  can  be  claimed  with  respect  to  irradiation  is  that  radium 
and  X-rays  destroy  these  cells  with  embryonic  potencies,  in  the  same 
manner  that  these  rays  destroy  embryonic  cells  in  many  organisms 
according  to  the  law  of  Bergonie  and  Tribondeau.  The  effect  appears  in 
the  cells  soon  after  exposure,  whether  due  to  "direct  hits"  or  to  indirect 
effects  upon  the  organism  as  a  whole  that  quickly  affect  these  cells 
without  affecting  others  in  any  recognizable  manner.  In  the  absence  of 
evidence  for  either  possibility,  the  later  effects  of  deformation  as  described 
by  Weigand  and  the  cytolysis  described  by  Meserve  and  Kenney  may 
be  explained  as  well  by  the  toxic  action  of  material  arising  from  degenera- 
tion of  formative  cells,  and  accumulating  in  the  parenchyma,  as  from  more 
direct  effects  of  the  irradiation. 

It  seems  from  these  studies  that  the  technique  of  irradiation  provides 
a  check  upon  the  investigations  that  have  shown  the  importance  of 
formative  cells  in  the  regeneration  of  planarians.  The  weakness  of  such 
results  with  radium  and  X-rays  lies  in  the  disputed  origin  of  the  formative 
cells,  in  the  difficulty  of  recognizing  formative  cells  as  such,  and  in  the 
fact  that  individual  planarians,  after  becoming  wholly  incapable  of 
regeneration  as  a  result  of  such  irradiation,  cannot  be  maintained  ahve 
and  in  an  otherwise  normal  state  for  a  long  period.  As  with  hydras, 
one  should  obtain  individuals  that  possessed  no  formative  cells  and  could 
not  regenerate,  but  lived  indefinitely  without  other  abnormalities.  If 
the  formative  cells  are  a  persistent  embryonic  stock,  necessary  for  other 
cell  replacements  and  for  sexual  reproduction  as  well  as  for  regeneration, 
it  would  perhaps  be  too  much  to  expect  that  the  individual  thus  deprived 
of  these  cells  could  live  out  a  normal  span  of  life,  whatever  that  may  be 
for  a  given  planarian.  It  might  be  expected,  however,  to  five  much 
longer  than  the  periods  indicated,  and  one  might  hope  to  determine  the 
lethal  conditions  if  it  died  prematurely. 
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NEMERTINA 

Knowledge  of  regeneration  in  nemerteans,  particularly  the  genus 
Lineus,  has  been  greatly  extended  by  the  recent  studies  of  Coe  (8).  In 
certain  species,  such  as  Lineus  socialis  and  L.  vegetus,  the  power  of  regener- 
ation "is  so  great  that  almost  any  small  piece  of  the  body,  provided  it 
contains  a  portion  of  one  of  the  lateral  nerve  cords,  is  able  to  develop 
into  a  minute  worm  of  normal  proportions,"  and  the  persistence  of  this 
potency  can  be  shown  "by  repeatedly  cutting  off  portions  of  partially 
regenerated  pieces  until  extremely  minute  individuals  less  than  a  hundred 
thousandth  the  size  of  the  original  are  finally  obtained."  On  the  other 
hand,  with  Lineus  pictifrons  the  ability  to  restore  a  new  head  from  a  body 
fragment  extends  only  through  the  anterior  half  of  the  foregut  region; 
while  with  L.  ruber,  which  is  the  "broad  form"  of  Nussbaum  and  Oxner 
(45),  only  that  part  containing  the  anterior  ends  of  the  nerve  cords 
restores  a  missing  head.  In  addition  to  his  studies  of  the  external  and 
organismal  factors,  Coe  has  described  the  histological  factors  involved. 
In  an  attempt  to  analyze  the  organizing  potencies  he  has  concluded  that 
the  cut  nerve  cords  liberate  an  agent  that  activates  the  dormant  cells 
which  are  situated  in  the  parenchyma  between  the  organ  systems  in  all 
parts  of  the  body,  and  which  by  virtue  of  this  activation  assume  the 
properties  of  regenerative  cells,  migrating  anteriorly  and  posteriorly 
and  finally  collecting  in  large  numbers  beneath  the  new  epidermis  which 
has  already  covered  the  cut  ends  of  the  fragment.  Those  that  migrate 
posteriorly  are  soon  incorporated  into  the  organ  systems  of  the  original 
body,  which  are  restored  both  by  the  multiplication  of  the  differentiated 
cells,  to  form  cells  of  like  nature,  and  by  the  incorporation  of  regenerative 
cells  which  differentiate  into  cells  of  the  respective  tissues,  presumably 
under  the  influence  of  the  existing  parts.  The  cells  that  migrate  ante- 
riorly, on  the  contrary,  form  a  true  blastema  consisting  of  an  apparently 
undifferentiated  mass  of  mesenchyme  cells,  which,  like  an  early  embryo, 
seems  to  be  a  self-determining  system  composed  of  cells  that  are  multi- 
potent  and  capable  of  differentiation  into  any  of  the  new  organs.  The 
blastema  is  thus  an  essentially  new  individual.  Coe  concluded  that 
the  different  regenerative  capacities,  or  contrasting  powers  of  regenera- 
tion in  closely  related  species  "may  be  dependent  upon  differences  in  the 
extent  of  distribution  either  of  the  activating  agent  or  of  the  regenerative 
cells." 

So  far  as  the  writer  is  aware,  the  technique  of  irradiation  has  not  been 
applied  to  these  problems  of  regeneration  in  nemerteans,  except  by 
Coldwater  (10)  whose  work  has  appeared  only  as  an  abstract.  Whole 
specimens  of  Lineus  socialis  were  exposured  with  100  kv.,  5  ma.,  21  cm. 
and  covered  by  a  75-mm.  bakelite  filter  for  periods  of  10,  15,  20,  and 
30  min.,  respectively,  which  represented  approximately  400  r  per  min.  by 
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the  ionization  chamber  of  Failla,  in  use  at  the  Marine  Biological  Labora- 
tory in  the  summer  of  1930.  Immediately  after  irradiation  the  worms 
were  divided  by  transverse  cutting  into  pieces  approximately  2  mm.  in 
length  and  checked  against  controls  obtained  in  the  same  manner  which 
regenerated  normally.  In  each  series  the  irradiates  healed  their  cut 
surfaces.  In  the  series  exposed  to  4000  and  to  6000  r  there  was  a  slight 
development  of  the  brain  and  eyes  when  the  pieces  were  killed  41  days 
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Fig.  11. — Effect  of  X-rays  upon  posterior  regeneration  of  Tuhifex  tuhifex  as  shown  by 
microphotographs  of  whole  mounts.  1,  X-rayed  worm  7  days  after  removal  of  posterior 
segments;  2,  control  7  days  after  a  similar  removal;  .3,  control  and  X-rayed  specimens 
14  days  after  such  removal;  4,  control  and  X-rayed  21  days  after  removal;  5,  control  and 
X-rayed  30  days  after  removal.  Plane  of  removal  shown  by  line  in  each  figure.  {From 
Stone,  58.) 


after  exposure.  In  the  8000  r  and  in  the  12,000  r  series  there  was 
healing  and  the  pieces  were  normal  in  appearance,  but  there  was  no 
evidence  of  regeneration  externally  when  they  were  killed  at  41  days. 
A  preliminary  histological  examination  showed  no  beginnings  of  regener- 
ating organs  and  an  absence  of  embryonic  cells,  although  other  cells 
appeared  normal  as  seen  in  the  sections.  Since  the  irradiated  pieces 
were  in  good  condition  when  killed,  there  was  as  good  reason  to  believe 
that  death  would  have  resulted  eventually  from  starvation  as  that  it 
would  have  resulted  from  any  delayed  effects  of  the  irradiation.  Com- 
pletion of  this  study  by  Coldwater  has  been  delayed.  In  view  of  the 
general  resemblances  between  the  histological  factors  of  regeneration  in 
nemerteans  and  planarians  and  the  fact  that  nemertean  tissues  are 
perhaps  more  favorable  for  such  study,  its  publication  in  extended  form 
is  desirable. 


432 


BIOLOGICAL  EFFECTS  OF  RADIATION 


CHAETOPODA 

Among  the  annulata  regeneration  has  been  so  widely  observed  that 
some  degree  of  this  potency  is  presumably  universal  in  these  animals. 
In  the  oligochaetes  the  gross  aspects  of  the  process  and  its  histological 
details  have  become  well  known  in  genera  that  are  presumably  repre- 
sentative. Thus  in  Limnodrilus  and  Tubifex  (33,  34,  58,  59),  posterior 
regeneration  occurs  at  any  level  behind  the  tenth  somite,  and  a  full  com- 
plement  of   somites   can  be   eventually  restored    (Fig.    11).     Anterior 


Fig.  12.- — Effect  of  X-rays  upon  posterior  regeneration  of  Tubifex  tubifex  as  shown  by 
microphotographs  of  sagittal  sections.  A,  Control  9  days  after  removal  of  posterior 
segments;  X145.  B,  Same  of  X-rayed  worm  12  days  after  a  similar  removal;  X170. 
Plane  of  removal  is  shown  by  a  line  in  each  figure.      (From  Stone,  58.) 

regeneration  occurs  in  Tubifex  when  not  more  than  10  or  12  of  the  ante- 
rior somites  are  removed,  but  more  than  3  new  somites  are  never  formed 
in  the  restoration  of  a  normal  head  region  (Fig.  13).  In  recent  studies 
of  Lumbriculus,  Zhinkin  (72,  73)  and  Turner  (63,  64)  have  confirmed  the 
earlier  observations  that  in  this  species  posterior  regeneration  occurs  to 
about  the  same  extent  as  in  Tubifex,  but  that  anterior  regeneration  occurs 
from  any  level  except  the  extreme  posterior  end.  The  histological 
changes  during  posterior  regeneration  are  essentially  the  same  in  the 
two  genera.  Among  the  peritoneal  cells  on  the  posterior  faces  of  the 
septa,  except  in  the  most  anterior  region,  there  are  what  have  been  called 
the  "reserve  cells"  or  "quiescent  neoblasts."  When  the  posterior  end 
of  the  worm  is  removed,  the  reserve  cells  in  neighboring  somites  are 
activated  to  a  growth  or  metamorphosis  in  the  course  of  which  they  are 
transformed  into  much  larger  cells  the  cytoplasm  of  which  is  crowded 
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with  stored  nutrient  material.  In  their  final  stages  these  full-grown 
neoblasts  migrate  ventrally  down  the  septa  and  then  posteriorly  along 
the  nerve  cord  through  the  ventral  openings  in  the  septa  to  the  cut  end 
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Fig.  13. — Effect  of  X-rays  upon  anterior  regeneration  of  Tubifex  tubifex.  Top — sagitta 
section  of  anterior  end  of  control  8  days  after  removal  of  three  to  four  anterior  segments. 
Middle — same  of  a  control  18  days  after  such  a  removal.  Bottom — sagittal  section  healed 
anterior  end  of  an  X-rayed  specimen  30  days  after  such  a  removal,  eg,  cerebral  ganglion; 
chl,  chloragogue  layer;  dbv,  dorsal  blood  vessel;  epi,  epidermis;  gnl,  granular  leucocytes; 
int,  intestine;  nc,  ventral  nerve  cord;  ph,  pharynx;  pro,  prostomium;  st,  stomadaeum;  vbv, 
ventral  blood  vessel;  xx,  plane  of  the  cut.     {From  Stone,  59.) 


of  the  specimen  which  has  in  the  meantime  become  healed  by  rearrange- 
ment of  the  old  tissues  in  advance  of  any  cell  proliferation  (Fig.  11). 
Only  when  a  neoblast  has  reached  this  posterior  region  does  it  divide. 
From  the  neoblasts  thus  accumulating  posteriorly  there  arises  by  mitosis 
a  mass  of  smaller  cells  which  differentiate  into  the  new  mesodermal 
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tissues  (Fig.  12).  The  cells  of  the  old  ectodermal  epithelium  divide 
mitotically  to  form  the  regenerating  portion  of  the  nervous  system  and 
more  epithelium  of  this  sort  as  the  regeneration  proceeds.  The  cells  of 
the  endodermal  epithelium  form  more  epithelium  in  a  similar  manner. 
In  the  anterior  regeneration  of  Tuhifex  quiescent  neoblasts  may  be 
present  on  somites  near  enough  the  regenerating  region  to  become 
involved,  as  they  do  in  Lumhriculus,  but  in  Tuhifex  such  neoblasts  do  not 
grow  and  migrate  anteriorly  (33,  p.  438).  The  new  parts  are  formed  by 
multiplication  from  the  old  ectodermal,  endodermal,  and  mesodermal 
tissues,  respectively  (Fig.  13).  In  contrast  to  this,  the  anterior  regenera- 
tion of  Lumhriculus  involves  a  growth  and  anterior  migration  of  neoblasts 
and  their  division  and  differentiation  in  the  regenerating  end  similar  to 
that  which  occurs  posteriorly.  The  histological  changes  during  the 
regeneration  in  both  these  genera  thus  proceed  from  cells  within  the 
regions  of  the  respective  germ  layers  in  the  general  manner  of  embryo- 
logical  development.  It  is  not  clear  that  basal  cells  of  the  epithelia  are 
the  active  units,  as  Stone  (58  and  59)  and  Turner  (63)  have  stated, 
since  Turner  (64)  has  concluded  he  was  mistaken  in  this  respect  and  that 
the  "principal  cells"  of  the  two  epithelia  are  the  ones  that  multiply  by 
mitosis.  For  the  oligochaetes  then,  it  is  clear  from  the  work  of  Krecker 
(33,  34)  as  well  as  these  later  investigators  and  others,  such  as  Hammer- 
ling  (22)  and  Zhinkin  (74),  that  a  definite  type  of  cell  plays  an  important, 
if  not  an  exclusive,  role  in  the  formation  of  the  regenerating  mesoderm 
(cf.  Krecker,  34,  page  42),  and  that  the  epithelia  arise  in  the  manner 
described. 

Reserve  cells  are  also  found  in  many  polychaetes  such  as  Filograna 
implexa  and  Chaetopterus  variopedatus  (16  and  17),  in  which  such  cells 
are  always  present  in  normal  uncut  specimens  and  are  the  only  cells  of 
the  body  that  seem  to  have  embryonic  potencies.  These  can  be  regarded 
as  homologous  with  the  reserve  cells  of  oligochaetes,  since  they  are  similar 
in  origin  and  since  they  have  a  similar  part  in  growth,  budding,  and 
regeneration.  However,  in  the  sabillid,  Euratella  chamherlin,  Stone  (60), 
found  no  such  reserve  cells  at  any  time.  In  the  regeneration  of  this 
species,-  epidermal  cells  multiply  at  various  sites  and  invade  the  middle 
region,  where  they  differentiate  into  the  new  mesoderm  tissues  as  well 
as  the  regenerating  nerve  cord.  As  with  the  oligochaetes,  the  two  epi- 
thelia are  self-restoring. 

The  problems  indicated  by  the  foregoing  regenerative  changes  in  the 
annulates,  particularly  in  the  oligochaetes,  include:  the  origin  and 
potencies  of  the  mesodermal  reserve  cells;  their  activation  to  growth, 
migration,  and  differentiation;  and  the  activation  to  division  of  the  cells 
composing  the  two  epithelia.  The  material  is  favorable  alike  for  gross 
observation  and  experimentation  in  the  living  state;  for  study  of  the 
histology  from  whole  mounts  and  sections;  and  for  obtaining  quantitative 
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data  by  measuring  the  regenerated  outgrowths  or  countmg  their  somites. 
These  problems  have  been  further  attacked  in  related  material  by  trans- 
plantation experiments  (65,  42);  and  by  experiments  showing  that  the 
—  SH  group  stimulates  regeneration  and  is  apparently  essential  for 
growth  during  normal  regeneration  (9).  Results  have  also  been  obtained 
by  irradiation  and  this  technique  gives  further  promise. 

In  Tubifex  tuhifex  following  an  exposure  to  X-rays  of  7125  r,  Stone 
(58)  found  that  posterior  regeneration  never  occurred  (Figs.  11  and  12). 
There  was  only  the  formation  of  a  small  knob  by  rearrangement  of 
existing  tissues  without  cell  proliferation  or  differentiation.  After  this 
healing  additional  somites  could  be  removed  at  intervals  with  repetition 
of  the  healing  and  knob  formation.  The  inhibition  of  regeneration 
continued  as  long  as  the  worms  survived  in  the  cultures,  in  one  experi- 
ment 147  days,  which  was  as  long  as  the  normal  uncut  worms  were  main- 
tained. The  irradiated  specimens  thus  behaved  as  though  "castrated" 
against  regeneration.  In  contrast  to  this,  control  worms  from  which 
as  many  as  32  posterior  somites  were  removed  regenerated  as  many  new 
ones  in  about  32  days. 

In  specimens  cut  for  posterior  regeneration  Stone  found  no  neoblasts 
in  any  of  the  Tuhifex  that  received  the  7125-r  exposure  and  consequently 
none  of  the  histological  changes  dependent  upon  neoblast  growth, 
migration,  and  differentiation.  In  like  manner  the  changes  in  the  epi- 
thelia  which  occur  in  the  normal  regenerate  were  inhibited.  A  similar 
inhibition  of  anterior  regeneration  and  of  its  cell  multiplication  in  the 
epithelia  was  obtained  by  Stone  with  exposures  to  X-rays  of  9000  r 
(Fig.  13).  Turner  (63,  64)  has  obtained  comparable  results  with  Lum- 
briculus  inconstans,  and  Zhinkin  (72,  73)  with  L.  variegatus;  Rahn  (49) 
has  found  that  the  neoblasts  of  naids  are  not  present  after  irradiation 
with  radium;  and  Stone  (60)  obtained  inhibition  of  regeneration  in 
Euratella  chamherlin  by  exposures  with  radium.  There  seems  to  be  no 
question  as  to  the  establishment  of  such  an  inhibition  in  the  annulata 
and  the  correlated  structural  and  functional  changes  in  cells  as  described. 

By  means  of  the  irradiation  it  is  possible  to  eliminate  the  neoblasts, 
as  though  one  cut  out  parts  of  the  organism  by  a  surgical  operation. 
Then  it  is  possible  to  follow  what  happens  in  regeneration;  indeed,  the 
embryologist  has  long  proceeded  in  the  same  manner  with  analogous 
experimental  operations  that  have  greatly  extended  our  knowledge  of 
development.  The  results  in  this  phylum  are  perhaps  more  satisfactory 
than  in  any  of  the  other  cases  cited  previously,  because  of  the  clear 
histological  picture  that  is  presented  and  the  precision  of  the  changes 
that  can  be  induced  by  the  irradiation.  The  problem  remains  of  how 
both  the  reserve  cells  of  the  mesoderm  and  the  epithelial  cells  are  affected 
to  render  them  incapable  of  their  normal  behavior  following  removal  of 
a  part  of  the  individual,  that  is,  why  these  cells  are  no  longer  activated. 
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The  effect  upon  early  prophase  stages  as  estabUshed  in  other  cases  cannot 
be  postulated,  unless  one  thinks  of  the  early  prophase  as  reaching  farther 
back  into  the  interdivision  phase  of  the  cell  than  is  commonly  supposed. 
Since  it  is  a  fair  hypothesis  that  the  chemicophysical  changes  at  the  cut 
surface  may  produce  changes  in  the  blood  or  the  coelomic  fluid  that  might 
affect  the  reserve  cells,  one  may  question  whether  the  effect  of  the  irradia- 
tion is  upon  a  humoral  activation  of  this  sort  or  directly  upon  the  reserve 
cells.  It  should  be  possible  to  determine  these  points  by  a  combination 
of  irradiation  and  other  techniques.  Stolte  (57)  has  recently  considered 
the  problem  of  activation  in  Dero  limosa.  Coldwater  (9)  has  made 
a  beginning  in  this  direction  by  showing  that  treatment  with  solutions 
containing  the  —  SH  group  increases  the  rate  of  regeneration  in  Tubifex 
tubifex  and  that  this  group  presumably  functions  in  the  normal  regenera- 
tive process  but  does  not  influence  the  inhibition  or  retardation  of  regener- 
ation by  exposure  to  X-rays.  Zhinkin  (74)  has  grafted  posterior  somites 
of  an  irradiated  Rhynchelmis  upon  the  cut  posterior  end  of  a  normal 
individual,  with  the  result  that  neoblasts  activated  by  cutting  of  the 
nonirradiated  worm  migrated  back  into  the  irradiated  transplant  and 
normal  regeneration  followed.  Apparently  the  irradiated  epithelial  cells 
were  stimulated,  by  the  presence  of  the  neoblasts,  to  produce  new  somites. 

TUNICATA 

In  tunicata  there  are  extensive  powers  of  regeneration  in  solitary  as 
well  as  colonial  species.  The  histology  of  this  regeneration  and  of  the 
correlated  processes  of  asexual  reproduction,  which  are  known  to  be 
essentially  similar,  has  been  studied  intermittently  for  many  years  since 
the  observations  of  Hjort  (26)  and  Lefevre  (36)  aroused  interest  by 
contradicting  the  doctrines  then  current  regarding  the  potencies  of  the 
germ  layers.  Thus  in  the  budding  of  Perophora,  Lefevre  found  amoeboid 
blood  cells  to  be  the  most  important  factor  in  the  formation  of  new  parts 
and  in  the  main  his  observations  have  been  substantiated  by  the  work  of 
later  investigators  upon  budding  and  regeneration  in  tunicates.  His 
view  was  that  the  fate  of  any  one  of  these  totipotent  cells  was  an  out- 
come of  the  place  of  attachment  and  the  stimuli  received  in  that  particular 
region  as  the  bud  development  proceeded.  The  origin  of  these  blood 
cells  it  was,  of  course,  impossible  to  establish  as  direct  descendants  of 
the  embryonic  mesoderm,  but  there  was  no  evidence  that  any  of  them 
had  arisen  by  dedifferentiation. 

In  a  recent  study  of  regeneration  and  reduction  in  Clavelina,  Spek 
(54)  has  described  certain  vacuolated  cells  as  totipotent  in  regeneration 
and  as  arising  in  a  short  region  of  the  gut  just  behind  the  stomach. 
Brien  (5)  has  made  a  good  case  against  these  "Tropfenzellen"  of  Spek 
as  the  source  of  new  material  during  budding  and  regeneration.  Accord- 
ing to  Brien,  such  cells  are  nutritive  in  function  and  important  during 
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regeneration  only  to  that  extent.  The  cells  that  are  important  in  the 
formation  of  new  parts  are  certain  undifferentiated  cells  of  the  meso- 
dermal region  which  Brien  regards  as  representing  an  embryonic  reserve 
to  be  found  in  tunicates  and  in  many  other  animals. 

In  a  brief  study  of  the  effects  of  radium  irradiation  upon  Clavelina 
lepadiformis,  Weigand  (67)  has  shown  that  the  regeneration  can  be 
affected  by  this  means  in  the  same  manner  as  in  planarians.  A  retarda- 
tion appeared  externally  in  the  later  appearance  of  the  caps  of  cells  at  the 
injured  regions  and  the  slower  regenerative  growth  and  differentiation 
(Fig.  14).  The  effect  increased  with  longer  exposures,  but  a  complete 
inhibition  was  not  obtained  with  the  maxi- 
mum ones  used  in  Weigand's  experiments. 
His  study  of  the  normal  histology  of  the 
regeneration  was  brief  and  not  conclusive, 
although  he  observed  that  regeneration  of 
the  branchial  sac  began  without  mitoses. 
The  source  of  the  regenerative  cells  was 
not  clear,  but  the  "  Tropf enzellen  "  of  Spek 
(54)  did  not  participate.  Mitoses  were 
observed  later  in  the  regenerative  cells  as 
differentiation  proceeded  and  mitoses  were 
also  observed  in  "Tropfenzellen."  Histo- 
logical study  of  the  irradiates  showed 
abnormal  mitoses  which  apparently  even- 
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Fig.  14. — Effect  of  radium  upon 
regeneration    of    Clavelina    lepadi- 
formis.    K,   control.      V,  irradiate 
tuated  in  the  degeneration  of  the  injured   exposed  to  radium  7  hr.,  cut  for 

cells.     The  branchial  sac  regenerated  more  ^r'^T  mS^TTZs  'laSt 

slowly    because     of     the     lesser    number    of    Differentiation  has  not  proceeded 

normal  mitoses  in  the  early  stages  of  the  -„S^,'»  ^^  ':S^:r,Zt.  h! 
regeneration  and  the  appearance  of  abnor-  heart;  Kik,  brachial  basket;  RK, 
mal  mitoses  after  the  longer  exposures  to  ru',^^;^^fS:^T?oTf;u?eiler'TFr.!;; 
the  rays,  while  the  number  of  "Tropfenzel-   Weigand,  67.) 
len  "  was  found  reduced  after  such  exposures. 

In  view  of  his  limited  study  of  the  histology  in  the  normal  and  the 
irradiated  specimens  and  the  contradiction  by  Brien  of  Spek's  inter- 
pretations, which  Weigand  accepted,  it  is  impossible  to  draw  any  con- 
clusions from  these  experiments  by  Weigand,  except  that  the  irradiation 
exercised  an  inhibiting  effect,  as  in  other  cases,  and  that  abnormal 
mitoses  were  induced.  If  Brien's  conclusions  regarding  undifferentiated 
mesenchyme  cells  are  correct,  these  cells  are  presumably  the  ones  most 
affected  and  the  disturbance  of  their  multiplication  or  their  death  would 
explain  the  retardation  of  regeneration  that  Weigand  observed. 

AMPHIBIA 

In  vertebrates  the  amphibia  have  presented  the  most  favorable  mate- 
rial for  studies  upon  regeneration.     The  urodeles  in  particular  have  been 
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the  subject  of  many  investigations  of  the  superficial  and  organismal 
aspects  of  the  process.  The  histological  aspects,  which  have  received 
less  attention  until  recent  years,  have  proved  extremely  difficult  to  under- 
stand. According  to  Hellmich  (23,  24)  who  has  made  an  exhaustive 
study  of  these  changes,  the  cells  observed  in  the  regenerating  limb  of  an 
adult  salamander,  such  as  Amblystoma  mexicanum,  can  be  grouped  into 
two  large  classes,  the  hematogenetic  and  the  histogenetic.  "The  first 
class  includes  the  erythrocytes,  lymphocytes,  eosinophile  cells,  special 
leucocytes,  and  plasma  cells;  the  second,  the  mesenchymal  cells,  fibro- 
cytes,  wandering  cells,  mast  cells,  pigment  cells,  giant  cells,  and  peri- 
cytes." In  the  regeneration  of  young  larvae  it  is  impossible  to  make 
any  such  separation  into  cell  types.  It  appears,  however,  that  mesen- 
chymal cells  are  essential  for  regeneration  in  the  larval  stages,  since  there 
is  no  regeneration  following  complete  extirpation  of  a  limb  bud,  which 
presumably  results  in  extirpation  of  all  the  cells  of  the  anlage  and  its 
immediate  environment.  Hellmich  assumes  "that  in  the  normal 
growth  of  the  limb  there  remains  a  residual  number  of  undifferentiated 
mesenchymal  cells,"  which  can  then  function  in  adult  as  well  as  larval 
regeneration.  While  the  histological  processes  of  regeneration  in  adult 
salamanders  are  thus  very  complicated,  proceeding  from  various  kinds 
of  differentiated  and  undifferentiated  cells  and  connected  with  inflam- 
matory conditions,  the  same  processes  in  young  larvae  are  simpler, 
consisting  principally  of  the  multiplication  of  undifferentiated  mesen- 
chymal cells  and  differentiation  of  the  cells  thus  produced  without  being 
merely  a  repetition  of  embryonic  development  in  a  restricted  part  of  the 
body. 

The  studies  of  Schaper  (51)  on  the  effects  of  radium  irradiation  upon 
amphibian  development  included  a  brief  examination  of  these  effects 
upon  regeneration  in  Triton  larvae.  This  investigation  and  the  one  by 
Levy  (37),  who  studied  Schaper's  material  after  the  latter's  death,  are 
now  important  only  as  confirmed  by  recent  work.  Like  the  work  of 
Bardeen  and  Baetjer  (3)  with  planarians,  these  papers  constituted  impor- 
tant exploratory  studies  that  might  have  led  to  further  research  as  an 
immediate  outcome,  since  it  was  shown  that  such  irradiation  inhibited 
regeneration.  No  one  else  seems  to  have  undertaken  further  studies 
of  this  sort  with  vertebrates  during  many  years.  Litschko  (38,  39,  40) 
was  first  in  this  revival  of  interest,  although  closely  followed  by  Butler 
(7)  and  by  Brunst  and  Scheremetjewa  (6,  52). 

In  his  latest  paper  Litschko  (40)  apparently  includes  the  preliminary 
accounts  given  in  the  two  preceding  publications  and  summarizes  numer- 
ous experiments  each  made  with  five  or  six  animals  and  a  similar  number 
of  controls.  He  considered  the  effects  of  X-rays  on  regeneration  of  limbs, 
tail,  and  dorsal  fin  in  the  axolotl,  especially  with  regard  to  what  caused  the 
inhibition.     The  exposures,  which  ranged  from  22  to  600  r,  were  either 
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general,  with  one  or  both  Umbs  screened  from  the  rays  to  the  level  of  the 
thighs  and  the  remainder  of  the  specimen  exposed;  or  local,  with  the 
limbs  exposed  and  the  remainder  screened.  The  animals  were  anes- 
thetized with  ether  before  irradiation  and  the  exposures  made  in  a  dorso- 
ventral  direction.  In  most  cases  the  limbs  were  amputated  1  to  2  hr. 
after  the  irradiation,  except  in  the  experiments  designed  to  test  the 
persistence  of  the  effect.  He  found  that  a  sufficient  general  exposure 
killed  all  the  irradiates  in  any  experiment,  but  the  time  of  death  depended 
upon  the  age  of  the  individual  as  well  as  the  strength  of  exposure.  Thus, 
year-old  specimens  exposed  to  600  r  died  19  to  27  days  later,  while  nine- 
months-old  specimens  exposed  to  330  r  died  at  25  to  30  days.  A  similar 
dual  relationship  was  observed  in  the  inhibition  of  regeneration.  The 
yearlings  exposed  to  330  r  showed  complete  inhibition  of  regeneration 
when  their  limbs  were  amputated,  while  nine-months  old  individuals 
exposed  to  only  88  r  showed  a  similar  inhibition.  With  lesser  irradiations 
the  period  of  survival  varied  inversely  with  the  exposure  and  the  regenera- 
tion was  less  affected  until  at  an  exposure  of  44  r  there  was  complete 
survival  and  subnormal  regeneration,  and  at  22  r  both  survival  and 
normal  regeneration.  Local  exposures  of  limbs  and  fins,  instead  of 
general  ones,  were  used  exclusively  after  it  had  been  found  that  the 
results  in  local  and  general  exposures  were  similar,  because  with  local 
exposures  the  experiments  could  be  made  without  the  complication  of 
lethal  effects  due  to  the  irradiation.  The  only  disadvantage  was  that 
regeneration  proceeded  more  slowly  following  local  exposure  of  a  limb 
than  following  a  general  exposure. 

Despite  the  effects  observed  in  animals  that  had  received  general 
exposures,  Litschko  concluded  that  the  inhibition  was  due  to  local  action 
alone.  The  failure  of  regeneration  of  the  limbs  after  certain  local  expo- 
sures (88  r  for  nine  months-old  specimens)  seemed  to  result  from  the 
existence  in  the  limb  of  certain  conditions  under  which  the  power  of 
regeneration  could  not  express  itself  and  not  from  a  complete  destruction 
of  this  potency.  Histological  study  showed  that  inhibition  in  the  out- 
growing stump  of  a  regenerating  limb  was  correlated  with  the  formation 
of  a  mass  of  connective  tissue  at  the  distal  end  into  which  it  seemed  that 
the  muscle  and  other  underlying  tissues  could  not  extend  themselves  as 
normally.  Removal  of  the  whole  of  this  terminal  mass  of  connective 
tissue,  by  a  second  amputation  made  before  degeneration  of  the  under- 
lying tissues  had  begun,  resulted  in  a  complete  regeneration,  while  lesser 
removals  resulted  in  lesser  degrees  of  regeneration.  It  thus  appeared 
that  the  regenerative  potency  had  not  been  lost  but  had  been  inhibited 
by  the  action  of  the  rays  upon  the  connective  tissue.  This  action  he 
regarded  as  a  stimulation  and  found  additional  support  for  such  an 
interpretation  in  the  superregeneration  observed  where  a  portion  of  a 
locally  irradiated  region  had  been  cut  from  the  dorsal  fin  (Fig.  15).     In 
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such  a  case,  if  the  underlying  tissues  had  not  been  involved  the  regenera- 
tion exceeded  the  normal,  because  the  connective  tissue  which  composes 
the  fin  between  the  two  epithelial  layers  was  stimulated,  as  he  thought,  to 
more  active  growth.  Again,  he  thought  that  a  similar  superregeneration 
might  occur,  and  be  similarly  explained,  when  part  of  the  tail  was 
removed  by  a  transverse  cut,  but  he  was  not  sure  of  this. 

Litschko  also  investigated  the  persistence  of  the  inhibitive  effects  of 
the  irradiation  by  making  the  amputations  from  1  to  8  weeks  after  the 
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Fig.  15. — Effects  of  X-rays  upon  regeneration  of  tail  in  the  axolotl.  a,  dorsal  fin  on 
second  day  after  exposure  and  removal  of  a  portion  as  shown;  5,  normal  regeneration  of  the 
removed  portion,  after  an  exposure  without  injury  to  the  underlying  dorsal  musculature, 
1  month  after  exposure  and  operation;  c,  the  same  after  2  months  showing  the  normal 
outline  completed  although  there  is  still  a  slight  difference  between  the  color  of  new  and 
old  tissue;  d,  defective  healing  by  scar  formation  2  naonths  after  exposure  and  operation  in 
a  case  where  the  underlying  elements  of  the  dorsal  musculature  were  involved;  e,  super- 
regeneration  10  months  after  the  exposure  and  operation;/,  tail  2  or  3  days  after  an  amputa- 
tion that  removed  only  the  distal  portion  of  the  fin  which  consists  of  connective  tissue 
covered  by  epithelium;  g,  normal  regeneration  in  such  a  case  2  months  later;  h,  schematic 
representation  of  a  more  proximal  amputation,  involving  musculature,  chorda,  and  nerve 
cord,  as  it  appears  shortly  after  the  operation;  t,  superregeneration  in  such  a  case  2  months 
later;  j,  the  same  after  9  months.     {From  Litschko,  40.) 

exposures  instead  of  1  to  2  hr.  after  as  in  other  experiments.  From  these 
experiments  it  appeared  that  the  impulse  to  increased  growth  of  con- 
nective tissue  persisted  for  a  long  time  when  it  was  once  given  by  the 
rays.  A  similar  inhibition  with  stump  formation  was  observed  even  when 
the  amputation  was  made  8  weeks  after  the  irradiation,  but  when  the 
connective  tissue  tip  of  this  stump  was  remqved  by  a  second  amputation, 
complete  regeneration  occurred.  This  was  his  final  evidence  that  the 
power  of  regeneration  was  not  suppressed  as  a  result  of  the  irradiation, 
rather  the  raying  was  only  a  hindrance  in  its  expression. 
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Butler  (7)  studied  the  effects  of  X-rays  upon  regeneration  of  the 
fore  Umb  in  larvae  of  Amhly stoma  pundatum,  using  a  Coolidge  medium 
focus  tube  operated  at  60  kv.,  6  ma.,  25  em.  from  target  to  specimen, 
and  without  a  filter.  The  exposures  are  not  stated  in  roentgens,  but  the 
foregoing  factors  were  constant  throughout.  The  duration  of  exposure 
was  varied  in  different  experiments,  but  in  each  case  a  daily  exposure, 
of  2,  3,  or  5  min.,  respectively,  was  made  throughout  periods  of  from  21 
to  25  days  according  to  the  experiment.  The  question  of  the  exposure 
necessary  to  prevent  regeneration  remained  to  be  thoroughly  investi- 
gated. It  appeared  that  the  exposures  used  in  some  of  the  earlier  experi- 
ments were  much  longer  than  was  actually  necessary,  since  it  was  found 
in  later  experiments  that  daily  exposures  of  1  min.  each  were  as  effective 
as  the  daily  exposures  of  longer  duration.  The  position  of  the  larvae 
during  exposure  is  not  stated. 

In  a  representative  case,  larvae  15  mm.  in  length  with  fore  limbs  in 
early  four-digit  stage  were  irradiated  in  two  lots  2  and  3  min.  daily  for 
a  period  of  21  days,  beginning  the  day  following  amputation  of  one  fore 
limb  on  each  irradiate.  In  none  of  these  irradiates  was  there  any  sign 
of  regeneration  of  the  amputated  fore  Umb.  In  the  controls  there  was 
rapid  and  normal  regeneration.  There  was  no  significant  difference 
between  the  larvae  irradiated  2  min.  and  those  given  the  3-min.  exposure. 
In  another  experiment,  larvae  with  fore  limbs  in  early  two-digit  stage 
were  irradiated  5  min.  daily  for  25  days  following  amputation.  A 
similar  result  was  obtained  by  amputation  of  the  limb  buds  before  appear- 
ance of  the  digits. 

Comparable  results  were  obtained  by  Butler  in  23  experiments  of  a 
like  nature.  He  found  that  the  amputated  limb  failed  to  regenerate  and 
also  that  there  was  usually  a  considerable  resorption,  so  that  the  non- 
regenerating  limb  stump  was  smaller  several  weeks  after  amputation 
than  the  portion  remaining  attached  to  the  body  the  few  days  after  the 
operation.  The  effect  of  the  rays  upon  digit  formation  Butler  regards  as 
significant.  He  found  when  a  normal  and  uncut  limb  was  about  to  enter 
the  two-digit  condition  at  the  time  radiation  began,  that  the  first  two 
digits  would  be  formed  in  a  manner  apparently  normal,  but  no  third  digit 
would  ever  develop.  In  like  manner,  if  the  third  digit  was  just  appearing 
at  the  time  radiation  began,  the  third  digit  would  be  completely  formed, 
but  no  fourth  digit  would  ever  develop.  These  results  suggested 
that  the  X-rays  acted  upon  differentiating  tissue  at  a  certain  critical 
period  in  the  process  during  which  there  was  a  heightened  sensitivity 
to  these  radiations,  and  that  if  the  differentiation  had  passed  this  period 
before  the  exposures  began,  it  proceeded  despite  the  irradiation.  From 
other  experiments  in  progress  but  not  included  in  the  paper  under  discus- 
sion, Butler  thought  that  a  similar  critical  period  might  exist  in  the 
process  of  regeneration. 
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Fig.  16. — Effects  of  X-rays  upon  regeneration  and  cells  of  Amblystoma  larvae.  A, 
longitudinal  section  through  a  limb  stump  of  a  nonirradiated  control  18  hours  after  amputa- 
tion showing  healing  and  beginning  of  normal  changes  in  the  cartilage  of  humerus;  B,  the 
same  4  days  after  amputation  showing  further  normal  changes  in  cartilage  and  beginning  of 
blastema;  C,  the  same  9  days  after  amputation  showing  further  changes  as  above;  D,  the 
same  at  12  days;  E,  longitudinal  section  through  limb  stump  of  an  irradiated  larva  11  hr. 
after  amputation  showing  healing  as  in  control;  F,  the  same  4  days  after  amputation 
showing  absence  of  the  typical  blastema;  G,  the  same  8  days  after  amputation  showing 
absence  of  typical  blastema  and  degeneration  of  cartilage  of  humerus;  H,  the  same  13  days 
after  amputation  (c/.  with  D  above)  showing  further  reduction  of  humerus.  {From  Butler, 
7.) 
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A  careful  study  of  the  histological  changes  was  included  in  this 
investigation  (Fig.  16).  During  normal  regeneration  following  amputa- 
tion in  the  three-digit  stage,  for  example,  healing  occurred  by  an  extension 
of  the  epidermis  without  cell  division.  The  next  important  change  was  a 
vacuolation  of  the  cartilage  at  the  cut  end  of  the  humerus,  which  Butler 
regarded  as  primarily  a  result  of  the  mechanical  injury  at  time  of  amputa- 
tion. The  changes  in  this  region  of  the  cartilage  eventuated  in  what  he 
regarded  as  a  dedifferentiation  of  the  cartilage  cells  into  mesenchyme 
cells  rather  than  a  degeneration  related  to  phagocytosis,  as  described  by 
certain  investigators.  While  these  changes  were  taking  place  in  the 
cartilage  during  the  first  6  days  after  amputation,  other  mesenchyme 
cells  accumulated  between  the  epidermis  and  the  end  of  the  humerus;  and 
these  cells  in  conjunction  with  those  arising  by  dedifferentiation  of  the 
cartilage  apparently  gave  rise  to  the  blastema  from  which  all  the  new 
parts  of  the  regenerating  limb  except  epidermis  and  nerves  were  formed 
in  the  manner  described  by  various  investigators.  Mitotic  figures  were 
frequently  observed  in  the  limb  during  normal  regeneration. 

In  the  nonregenerating  limbs  of  X-rayed  individuals  the  histological 
changes  differed  profoundly  from  these  normal  processes,  except  that 
the  epidermal  healing  proceeded  normally.  With  material  from  an 
experiment  in  which  the  larvae  were  exposed  for  5  min.  daily,  the  changes 
during  the  first  2  or  3  days  following  amputation  were  not  obviously 
different  from  those  in  the  normal  regeneration  (Fig.  16).  On  about  the 
fourth  day  there  was  observed  the  beginning  of  an  extensive  alteration 
of  the  cartilage  of  the  humerus.  At  the  outset  this  was  not  unlike  the 
dedifferentiation  described  for  the  control  specimens  but  was  more 
extensive  and  finally  resulted  in  complete  disappearance  of  the  humerus 
in  13  to  16  days,  and  then  of  the  scapula  some  18  days  after  the  amputa- 
tion. Butler  did  not  regard  this  as  a  degeneration  process  in  the  ordinary 
sense,  because  there  were  very  few  evidences  of  degenerating  cartilage 
cells  and  no  accumulation  of  blood  cells  about  the  end  of  the  humerus  as 
would  have  been  expected  if  phagocytosis  had  been  in  progress.  As  the 
dissolution  proceeded,  released  cartilage  cells  became  indistinguishably 
mingled  with  the  cells  of  what  he  called  the  "pseudoblastema"  in  a 
manner  comparable  with  the  mingling  of  mesenchyme  cells  in  this  region 
during  the  normal  regeneration.  Thus,  about  20  days  after  limb  amputa- 
tion the  irradiated  larva  possessed  a  nonregenerating  limb  stump  totally 
devoid  of  skeleton. 

This  dissolution  of  the  cartilage  occurred  in  spite  of  the  fact  that  the 
limb  of  the  opposite  side,  which  was  not  amputated,  developed  from  the 
two-digit  to  the  three-digit  stage  during  the  same  period  and  in  the 
same  specimens.  In  short,  cartilage  passed  through  stages  of  dissolution 
on  one  side  of  the  body  while  cartilage  was  developing  on  the  other.  It 
was  noted,  however,  that  no  fourth  digit  appeared  on  the  unamputated 
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limbs  in  this  experiment.  The  effect  of  the  irradiation  seemed  to  be  not 
on  cartilage  tissue  as  such  but  on  the  initiation  and  differentiation  of  new 
cartilage.  It  appeared  that  the  critical  period  mentioned  for  the  regener- 
ating limbs  might  be  identical  for  the  period  of  cartilage  initiation  and 
differentiation,  or  simply  the  expression  of  the  sensitivity  of  cartilage 
differentiation  to  X-rays. 

The  "  pseudoblastema "  seemed  fundamentally  like  the  normal 
blastema,  although  it  consisted  of  a  much  smaller  number  of  cells  and 
did  not  proceed  to  the  normal  differentiation  (Fig.  16).  Vacuolation 
appeared  among  the  widely  scattered  nuclei  and  there  was  a  considerable 
amount  of  intercellular  material  that  was  apparently  nonliving,  pre- 
sumably the  debris  of  broken-down  cartilage  matrix  and  of  disintegrated 
cells.  As  with  the  normals,  it  was  impossible  to  distinguish  between 
cells  of  the  pseudoblastema  proper  and  cells  released  by  dissolution  of 
the  cartilage.  In  contrast  with  the  limb  of  the  normal  regenerate,  the 
limb  of  the  irradiate  showed  no  normal  mitoses.  Instead  there  were 
many  abnormal  mitoses  with  tangled  masses  of  chromosomes  in  no  very 
definite  orientation,  in  the  manner  that  has  long  been  known  to  result 
from  X-ray  exposure.  Other  cellular  abnormalities  were  increase  in  size 
of  nuclei  as  compared  with  those  of  the  normal  blastema;  later,  the 
appearance  in  these  swollen  nuclei  of  deeply  stained  granules ;  and  finally, 
remnants  of  such  disintegrating  nuclei  in  the  intercellular  debris. 

In  discussing  the  foregoing  observations  and  interpretations,  Butler 
points  out  that  the  irradiation  in  some  manner  inhibits  differentiation 
of  the  cells  of  the  blastema.  Whether  the  effect  should  be  regarded  as 
acting  directly  upon  the  cells  of  the  blastema,  or  as  an  indirect  effect 
resulting  from  some  action  of  the  rays  upon  the  organism  as  a  whole,  he 
leaves  an  open  question.  In  any  case  the  cells  of  the  blastema  are 
particularly  susceptible  to  the  rays,  as  might  be  expected,  since  the  nor- 
mal blastema  is  a  region  composed  of  actively  dividing  cells.  The 
pseudoblastema  shows  only  a  limited  number  of  vmdifferentiated  cells  and 
no  normal  mitoses.  The  prevention  of  regeneration  he  regards  as  due 
"to  the  activity  of  the  X-rays  in  preventing  cell  division  and  more 
particularly  in  preventing  differentiation  of  the  cells  of  the  blastema 
which  normally  give  rise  to  the  components  of  the  regenerating  limb." 
The  second  effect,  namely,  the  dissolution  and  final  disappearance  of  the 
cartilage,  which  he  characterizes  as  like  cartilage  dedifferentiation  "run 
wild,"  he  thinks  may  be  associated  with  the  effect  of  the  rays  upon 
differentiating  cells,  that  is,  prevention  of  the  differentiation  of  new 
cartilage  within  the  blastema  may  have  brought  about  secondarily  the 
dedifferentiation  of  cartilage  already  formed.  According  to  such  an 
hypothesis,  "cartilage  dedifferentiation  does  not  occur  in  limbs  in  which 
X-radiation  prevents  digit  formation,  for  the  reason  that  in  the  process  of 
normal   digit   formation    dedifferentiation   is   not   involved,"    and    the 
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irradiation  "does  not  initiate  cartilage  dedifferentiation  directly."  The 
primary  effect  of  the  irradiation,  therefore,  he  regards  as  an  effect  upon 
differentiation;  and  the  extensive  cartilage  dissolution  as  a  secondary 
effect  induced  by  the  radiation  but  dependent  upon  the  effect  on 
differentiation. 

In  comment  upon  these  conclusions  it  may  be  said  that  instead  of 
regarding  the  primary  effect  as  upon  differentiation  it  would  be  simpler 
to  regard  it  as  an  effect  upon  cell  division  and  so  upon  cells  with  differ- 
entiation potencies.     As  a  result  of  this  effect  upon  cell  division  the 
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Fig.  17. — Technique  for  local  exposure  of  well-grown  specimens  of  Triton  cristatus. 
A,  top  view  of  stage  with  slits  aa  for  fastening  the  animal  as  in  C  and  B,  holes  b  for  fastening 
the  limb  as  in  C,  and  opening  d  for  the  field  of  exposure;  B,  position  for  exposure  of  two 
animals  at  same  time;  C,  detail  of  the  fastening;  D,  lead  cover  with  opening  /  corresponding 
to  din  A;E,  the  same  in  section.      (From  Brunst  and  Scheremetjewa,  6.) 

differentiation  of  these  cells  cannot  proceed  in  the  normal  manner. 
Again,  it  is  noted  that  Butler's  exposures  were  all  given  after  the  opera- 
tion for  regeneration.  It  would  be  interesting  to  know  whether  the 
pseudoblastema  would  have  appeared  and  what  would  have  been  the 
effect  upon  the  cartilage,  if  the  series  of  the  daily  exposures  to  the  rays 
had  begun  several  days  before  the  operation,  or  if  a  single  heavier  exposure 
had  been  given.  The  check  upon  subsequent  differentiation  of  digits  in 
irradiated  but  uncut  limbs  is  perhaps  also  referable  in  the  first  instance  to 
a  check  upon  cell  di^dsion.  As  this  work  is  being  continued  in  Butler's 
laboratory  (48),  these  questions  will  no  doubt  be  given  further  considera- 
tion now  that  so  excellent  a  beginning  has  been  made. 

The  investigation  by  Brunst  and  Scheremetjewa  (6)  on  the  effects  of 
X-rays  upon  regeneration  of  the  limbs  in  well-grown  specimens  of  Triton 
cristatus  has  shown  again  the  inhibitive  action  of  such  irradiation  when 
given  locally  (Figs.  17  and  19).  The  hmit  of  an  obvious  and  constant 
effect  was  300  to  750  r,  while  15,000  r  resulted  in  a  more  or  less  constant 
inhibition  (Fig.  18).     An  exposure  of  3750  r  showed  on  the  whole  a  strong 
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inhibitive  effect,  but  the  results  were  so  diversified  in  all  the  experiments 
that  differences  in  the  reactions  of  the  individuals  to  the  same  exposure 
became  apparent.     For  this  reason  the  authors  concluded  that  a  larger 
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Fig.  18. — Graphic  representation  of  the  effects  of  various  X-ray  exposures  upon  regen- 
eration of  the  limbs  of  the  irradiated  side  of  Triton  cristatus.  Each  pair  of  columns  repre- 
sents an  exposure,  the  number  above  the  pair  representing  the  roentgen  units.  Column  I 
represents  the  first  regeneration;  Column  II,  the  second.  The  numbers  below  the  columns 
show  the  total  number  of  individuals  at  conclusion  of  any  experiment.  The  numbers 
within  the  columns  show  the  number  of  individuals  giving  the  reactions  designated  a  to  g. 
The  shading  indicates  these  reactions  as  follows:  a,  no  regeneration;  h,  reduction;  c,  regen- 
eration and  reduction;  d,  insignificant  regenerative  growth;  e,  significant  delay  of 
regeneration;  /,  insignificant  delay  of  regeneration;  g,  normal  regeneration.  (From  Brunst 
and  Scheremetjewa,  6.) 

number  of  specimens  than  were  used  in  each  experiment  by  Litschko  (40) 
is  necessary  for  trustworthy  conclusions  (Figs.  22  and  23).  They 
.explained  this  difference  of  reactions  in  terms  of  the  capacity  of  individual 
organisms  to  react  differently  to  the  same  external  factor  and  the  com- 
plex effect  of  irradiation  involving  primary  and  secondary  factors  as  it 

does  in  an  animal  with  such 
a  degree  of  organization  as  the 
salamander.  In  studying  the 
persistent  effects  of  the  irra- 
diation, it  was  observed  in 
cases  of  stronger  exposure 
that  where  the  first  regenera- 
tion of  any  appendage  showed 
a  conspicuous  effect  its  second  regeneration  usually  showed  an  even 
stronger  effect;  and  that  where  the  first  regeneration  was  not  conspicu- 
ously affected  its  second  regeneration  was  affected  to  an  even  smaller 
degree  (Figs.  18,  20,  and  21). 


Fig.  19. — Effect  of  X-rays  (1500  r)  upon  regen- 
eration of  hind  limbs  of  Triton  cristatus.  a,  ventral 
view  17  days  after  exposure  of  the  right  and  amputa- 
tion of  both  these  limbs;  b,  dorsal  view  of  same 
specimen  34  days  after;  c,  dorsal  view  of  same  51 
days  after.      (From  Brunst  and  Scheremetjewa,  6.) 
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Fig.  20.— Effect  of  X-rays  (15,000  r) 
upon  regeneration  of  hind  limbs  of  Triton 
cristatus.  a,  ventral  ^^ew  119  days  after 
exposure  of  the  right  and  amputation  of 
both    hind    limbs;    b,    ventral    view    of    a 


The  effect  of  the  irradiation  could  not  be  entirely  local,  since  it  was 
found  that  with  local  exposures  the  effects  became  evident  to  some  degree 
in  the  regeneration  of  the  unexposed  extremity  of  the  same  animal 
(Fig.  22).  With  weaker  exposures  the  nonirradiated  limb,  or  "regenerate 
control,"  developed  in  about  the  same 
manner  as  any  "  normal  control."  No 
evidence  was  found  of  any  directly 
stimulating  action  of  the  rays  upon 
the  regeneration.  There  is  nothing 
in  this  paper  regarding  the  histological 
changes  in  controls  or  in  irradiated 
individuals. 

In  another  paper  (52)  these  same     .    .,  ^^  ^ 

similar  specimen  62  days  after  a  second 
mvestlgators   have  studied  the  effects    amputation  of  both  limbs.      (From  Brunst 

of  X-rays  upon  regeneration  of  the  ""'^  Scheremdjewa,  6.) 
tail  in  Pelobates  fuscus  tadpoles  that  were  given  single  exposures  ranging 
from  750  to  7500  r  (Fig.  24).  Within  these  limits  they  obtained  all  stages 
in  the  inhibition  of  tail  regeneration.  It  was  found  that  total  exposures 
had  a  greater  effect  than  local  exposures  of  the  same  order.  The  dorsal 
side,  which  was  toward  the  source  of  the  irradiation,  showed  greater 
injury  than  the  ventral,  as  seen  either  in  greater  inhibition  of  the 
dorsal  regeneration  or  in  more  intensive  reduction  on  the  dorsal  side  of 
the  stump  (Figs.  25  and  26).  The  tail  outline  became  asymmetrical 
in  the  first  case,  because  the  tail  of  the  regenerate  was  bent  dorsally;  and 
in  the  second,  because  the  ventral  part  of  the  stump  predominated.     The 

optimum  exposure,   of  those 

employed,  for  this  dorsal 
bending  was  1500  r  after  which 
the  ventral  regeneration  was 
still  quite  intensive.  With 
TT      oi     TTo-    .    .  ^'         /o-7cn  N  2250  r  the  entire  tail  regen- 

FiG.  21. — Effect  of  X-rays  (3750  r)  upon  regen-  .  «•            ,      i 

eration  of  hind  limbs  of  Triton  cristatus.      a,  ventral  CratlOU    WaS  SO    affcctcd    that 

\'iew  135  days  after  exposure  of  the  right  and  amputa-  ^J^g    beildillff  Was    leSS    in   evi- 

tion  of  both  hind  limbs;  b,  ventral  view  of  a  similar  rnu  j  re 

specimen  135  days  after;  c,  ventral  ^^ew  of  a  similar  denCC.       The  different    tissUCS 

specimen  74  days  after  a  second  amputation  of  both  q(   iUp.   fail    and   of   the  stumn 

limbs.      (From  Brunst  and  Scheremetjewa,  6.)  i             i      i  /-<• 

showed  differing  sensitivities 
to  the  rays  and  morphological  injuries  that  could  be  clearly  recognized 
appeared  in  the  following  order:  (a)  pigment  cells;  (6)  epithelium; 
(c)  chorda;  (d)  gelatinous  connective  tissue;  (e)  musculature;  (/)  nervous 
tissue.  The  regenerative  potencies  of  the  tissues  were  lost  in  this  order : 
(a)  chorda;  (6)  spinal  cord  and  musculature;  (c)  gelatinous  connective 
tissue;  (d)  blood  vessels  and  epithelium.  The  differing  sensitivity  of 
chorda  and  spinal  cord  was  especially  noticeable.  In  spite  of  the  fact  that 
the  spinal  cord  was  nearer  the  source  of  the  rays,  it  grew  intensively  after 
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exposures  that  markedly  inhibited  growth  of  the  chorda  and  even  after 
exposures  that  brought  the  growth  of  the  chorda  to  a  complete  standstill 
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Fig.  22. — Mean  growth  curves  for  the  regeneration  of  nonirradiated  limbs  in  Triton 
cristatus,  following  exposure  of  the  opposite  limbs  to  X-rays  ranging  from  25  to  15,000  r. 
A'',  controls.      {From  Brunst  and  Scheremetjewa,  6.) 

(Fig.  26).  The  optimum  for  showing  this  difference  between  chorda  and 
spinal  cord  was  2250  r.  None  of  the  exposures  showed  a  directly  stimu- 
lating effect  upon  the  regeneration.  With  3750  r  there  seemed  to  be  an 
indirect  stimulation  of  regeneration  in  the  epithelium,  in  which  it  was 
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Fig.  23. — Mean  growth  curves  for  the  regeneration  of  irradiated  limbs  in  Triton  cristatus, 
following  exposure  of  same  to  X-rays  ranging  from  25  to  15,000  r.  N,  controls.  (From 
Brunst  and  Scheremetjewa,  6.) 

thought  the  degeneration  products,  resulting  from  the  necrotic  changes 
in  the  irradiated  parts,  exercised  the  stimulating  influence. 
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Fig.  24. — Technique  for  local  exposure  of  tadpoles,  Pdobates  fuscus.  a,  external  view 
of  one  of  the  holders  shown  in  c  with  lead  cover  in  place  as  during  exposure;  h,  method  of 
fastening  the  tadpoles  under  the  lead  shield  by  means  of  a  bent  strip  of  lead  and  wooden 
block;  c,  arrangement  of  such  holders  in  a  crystallization  dish  during  irradiation.  {From 
Scheremetjcwa  and  Brunst,  52.) 
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Fig.  25. — Effects  of  X-rays  upon  regeneration  of  tail  in  tadpole  of  Pdobates  fuscus. 
a,  b,  and  c,  three  regenerates  at  32  days  after  local  exposures  of  1500  r  and  amputations 
immediately  following;  d,  normal  regeneration  of  control.  {From  Scheremetjcwa  and 
Brunst,  52.) 


Fig.  26. — Schematic  representation  of  dififerent  reactions  in  tail  regeneration  of  tadpoles 
of  Pelobates  fusc^^s  following  X-ray  exposures  ranging  from  1500  to  2250  r.  Chr,  regenerated 
chorda;  Chst,  stump  of  chorda;  G,  border  between  the  new  and  old  tissue;  Rmr,  regenerated 
spinal  cord.      {From  Scheremetjewa  and  Brunst,  52.) 
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It  is  evident  from  the  foregoing  studies  upon  amphibia  that  members 
of  this  class  among  vertebrates  react  to  radium  and  X-rays  in  a  manner 
superficially  comparable  with  the  reactions  found  in  other  animals  having 
conspicuous  powers  of  regeneration.  The  healing  again  appears  as  a 
process  independent  of  regeneration  and  performed  by  extension  of  the 
old  epithelium,  although  the  new  covering  may  not  attain  normal  thick- 
ness in  the  absence  of  cell  additions  by  multiplication  or  otherwise.  The 
degree  of  inhibition  is  proportional  to  the  exposure.  The  extent  to  which 
the  effects  of  the  irradiation  are  local  is  not  fully  established,  although  the 
local  effects  seem  to  be  more  important  than  such  general  effects  as  have 
been  described.  The  complexity  of  the  histological  changes  in  the 
regeneration  of  the  adult  amphibian  makes  it  appear  that  any  destruction 
of  reserve  cells  or  of  cells  with  embryonic  potencies  that  might  occur 
would  be  difficult  to  demonstrate  beyond  question.  In  the  larvae, 
however,  these  changes  are  simpler  and  clues  may  be  obtained  to  an 
understanding  of  adult  conditions.  In  view  of  what  is  known  of  the 
histological  changes  during  normal  regeneration  and  those  following 
irradiation  in  other  types  of  animals,  there  is  a  presumption  in  favor  of 
undifferentiated  reserve  cells  as  important  factors,  which  makes  this 
perhaps  the  most  significant  clue  to  be  followed  as  the  case  now  stands. 
While  the  vertebrate  presents  the  disadvantage  of  this  histological  com- 
plexity and  also  a  physiological  one,  it  has  the  advantage  of  presenting 
tissues  that  are  better  known  than  those  of  any  other  animals  and  the 
same  may  be  said  regarding  the  physiological  processes  of  vertebrates. 
There  is  also  the  advantage,  in  a  case  like  the  well-grown  salamander,  of 
an  animal  large  enough  for  the  easy  removal  of  parts  that  can  be  regener- 
ated and  an  animal  that  can  be  maintained  for  long  periods  under 
laboratory  conditions.  Since  these  advantages  outweigh  the  disadvan- 
tages, it  would  seem  that  these  amphibia  and  perhaps  other  lower  verte- 
brates should  be  promising  material  for  further  investigations.  If  there 
is  any  animal  type  that  might  meet  the  specifications  for  "castration" 
against  regeneration,  to  which  reference  has  been  made,  it  would  seem 
to  be  the  members  of  this  group.  There  is  also  the  fact  that  what  may 
be  accomplished  with  the  vertebrates  is  more  closely  related  to  clinical 
knowledge  and  interests  that  may  be  illumined  by  investigations  of  this 
nature;  and  that  existing  knowledge  of  vertebrate  physiology  gives  so 
broad  a  foundation  for  study  of  the  organismal  effects  of  such  radiations 
upon  these  animals. 

PHYSIOLOGICAL  REGENERATION 

What  is  often  called  "physiological"  regeneration  might  be  included 
in  the  present  discussion,  but  it  would  be  difficult  to  limit  the  account 
of  such  processes  and  there  are  many  who  question  their  inclusion  under 
the  head  of  regeneration.     The  effects  of  X-rays  and  radium  upon  the 
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growth  of  hair  has  long  been  known  and  the  effects  upon  certain  glands 
is  another  indication  that  these  radiations  may  inhibit  normal  restorative 
processes  in  a  way  that  can  be  compared  with  their  effect  upon  the  type 
of  regeneration  under  consideration.  To  review  the  literature  bearing 
upon  such  a  comparison  would  carry  one  far  into  the  field  of  clinical 
medicine.  As  an  introduction  to  the  more  general  biological  study  of 
these  "physiological"  processes,  as  affected  by  X-rays  and  radium,  the 
recent  paper  by  Hirsch  (25)  regarding  secretion  may  be  cited. 

DISCUSSION 

The  foregoing  resume  of  investigations  in  this  field  shows  that  radium 
and  X-rays  have  a  similar  inhibitive  effect  upon  regeneration  in  animals 
as  representative  and  as  widely  separated  as  coelenterates,  flatworms, 
segmented  worms,  and  chordates.  Externally,  the  same  kind  of  changes 
appears  in  each  of  these  cases.  Healing  occurs  in  the  normal  manner  by 
an  extension  of  the  old  epithelium,  but  the  subsequent  thickening  and 
restoration  of  the  original  state  of  these  cells  that  occur  in  normal  regen- 
eration do  not  follow.  The  regenerative  processes  by  which  the  missing 
parts  become  restored  are  retarded  or  completely  inhibited  according  to 
the  degree  of  exposure  to  the  rays.  Internally,  it  seems  that  the  clue 
to  the  changes  observed  lies  in  the  effect  of  the  irradiation  upon  whatever 
cells  are  active  in  producing  the  new  tissues  by  division,  migration,  and 
differentiation.  One  pictures  the  normal  regeneration  as  involving  in  the 
first  instance  histological  changes  incident  to  the  mutilation  of  a  given 
region,  and  also  organismal  changes  or  those  which  involve  the  individual 
as  a  whole  and  are  not  clearly  recognizable  in  certain  of  its  cells.  These 
latter  processes  doubtless  bring  about  other  histological  changes  as  the 
regeneration  proceeds.  While  the  organismal  and  the  histological 
factors  must  be  regarded  as  so  inextricably  mingled  that  they  are  merely 
different  aspects  of  a  unified  series  of  events,  it  is  convenient  to  consider 
them  separately  wherever  definite  changes  of  either  sort  become  apparent. 
The  histological  aspects  are  more  easily  recognized  insofar  as  they  consist 
of  morphological  and  regional  changes  in  cells.  These  include:  the 
nature  and  origin  of  the  cells  concerned  in  regeneration;  their  growth, 
division,  movement,  and  the  like,  as  activated,  perhaps,  by  organ- 
ismal factors;  and  their  differentiation  under  the  influence  of  organizing 
centers.  Thus  by  the  interplay  of  these  general  and  specific  factors 
the  regeneration  is  consummated.  Whether  one  puts  the  organism  or 
its  cells  first  in  such  a  case  depends  to  some  extent  upon  one's  concept  of 
the  individual  in  relation  to  its  cells  as  well  as  the  data  from  observation 
and  experiment. 

In  some  instances,  such  as  the  planarian,  the  effect  of  the  irradiation 
upon  specific  cells  appears  to  be  a  direct  effect,  since  it  is  recognizable 
soon  after  the  exposure.     In  a  case  of  this  sort  it  is  easy  to  think  in  terms 
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of  the  differential  susceptibility  of  cells,  which  has  been  so  often  demon- 
strated in  accordance  with  the  law  of  Bergonie  and  Tribondeau,  as 
responsible  for  the  primary  effect  of  the  irradiation;  and  of  later  effects 
as  an  outcome  of  such  primary  effects  upon  these  cells.  For  example, 
the  degenerative  changes  that  appear  ultimately  in  a  planarian  may 
result  from  toxic  products  formed  by  destruction  of  the  considerable 
amount  of  protoplasm  composing  the  regenerative  cells.  In  a  case  where 
no  effect  is  apparent  until  a  later  period,  the  delay  may  be  due  to  changes 
within  certain  cells  not  becoming  recognizable  soon  after  the  irradiation 
or  to  an  organismal  effect  that  does  not  at  first  become  evident  as  changes 
in  any  of  the  cells.  In  the  absence  of  specific  evidence  it  is  perhaps  an 
academic  question  whether  the  changes  observed  in  a  given  cell  originated 
as  "direct  hits"  within  that  cell  or  have  resulted,  for  example,  from 
changes  induced  in  body  fluids  and  so  affecting  the  cell  indirectly.  Even 
the  seemingly  direct  action  upon  cells  in  tissue  cultures  is  open  to  these 
two  theoretical  explanations.  What  is  needed  is  specific  evidence  if  it 
can  be  obtained. 

Passing  over  this  question  of  direct  or  indirect  effects  and  beginning 
with  recognizable  cell  changes,  we  have  as  the  obvious  explanation  of 
what  can  be  observed  the  differing  susceptibility  of  different  types  of 
cells  to  these  radiations.  In  a  case,  such  as  the  planarian,  it  is  known  that 
the  so-called  regenerative  or  formative  cells,  whether  they  have  originated 
by  dedifferentiation  or  by  multiplication  from  an  embryonic  stock, 
differentiate  into  the  various  cell  types  and  form  the  missing  parts  during 
regeneration  and  hence  may  be  said  to  have  embryonic  potencies.  These 
are  the  cells  most  sensitive  to  the  irradiation  in  question,  and  with  their 
reduction  in  numbers  or  complete  destruction  regeneration  is  corre- 
spondingly affected.  Again,  in  the  hydra  regeneration  is  checked  and 
the  interstitial  cells,  which  have  been  described  by  many  investigators 
as  having  embryonic  potencies  and  as  being  most  important  in  regenera- 
tion, are  the  cells  conspicuously  affected  in  the  first  instance.  In  oli- 
gochaetes  it  is  the  neoblasts,  in  Clavelina  it  is  the  cells  described  as  active 
during  regeneration,  in  the  limb  of  Ambly stoma  larvae  the  cells  of  the 
blastema,  while  in  the  tadpoles  of  Pelobates  the  different  types  of  cells 
exhibit  differing  susceptibilities  which  account  for  the  gross  differences 
between  controls  and  irradiates.  One  could  hardly  expect  a  greater 
coincidence  of  the  internal  effects  and  of  the  external  effects  of  these 
radiations  in  checking  regeneration,  whether  in  the  tentacle  of  a  hydra 
or  the  tail  of  a  tadpole.  Moreover,  the  histological  changes  indicated 
are  in  agreement  with  the  widely  demonstrated  effects  of  radium  and 
X-rays  upon  less  differentiated  cells,  and  upon  cells  with  embryonic 
potencies.  The  consistency  of  all  these  observations  is  such  that  one 
feels  justified  in  considering  the  potencies  of  specific  types  of  cells  as  one 
of  the  most  important  factors  in  the  regenerative  process.     While  this 
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had  been  indicated  from  earlier  investigations  by  the  famiUar  techniques, 
it  is  being  more  effectively  demonstrated  by  the  technique  of  irradiation. 
Without  expecting  too  much  from  further  studies  upon  regeneration 
by  means  of  irradiation,  it  may  be  hoped  that  a  method  of  experimenta- 
tion capable  of  destroying  certain  types  of  cells,  as  by  an  operation  of  far 
greater  deUcacy  than  could  be  accomplished  by  the  finest  microdissection, 
will  jdeld  many  important  results  in  this  field.     There  is  no  other  method 
by  which  more  profound  internal   changes   can  be  effected,   in  some 
instances  without  ultimate  destruction  of  the  organism.     Since  radium 
and  X-rays  affect  primarily  the  cells  with  embryonic  potentialities,  one 
can  remove  these  cells,  as  though  by  dissection,  and  hope  to  discover  the 
kind  of  organism  which  then  exists.     That  the  differential  in  sensitivity 
is  even  finer  than  this  appears  from  the  way  in  which  the  cells  in  the  cap 
at  the  anterior  end  of  a  regenerating  planarian  lose  their  extreme  sensi- 
tivity as  differentiation  proceeds  in  the  same  manner  as  differentiating 
cells  during  embryonic  and  later  development.     As  the  converse  of  this 
one  would  expect  an  increase  of  sensitivity  in  any  case  of  dedifferentiation 
that  was  clearly  demonstrable.     The  finer  differential  is  seen  again  in  the 
differing  effects  as  the  time  relationship  between  exposure  and  operation 
is  shifted;  and  in  the  case  where  X-rays  inhibit  cartilage  differentiation 
in  the  amputated  limb  of  Amhly stoma  during  a  period  when  differentia- 
tion of  this  tissue  is  proceeding  in  the  opposite  limb  w^iich  was  left  intact. 
There  is  also  the  possibility  of  distinguishing  critical  periods  in  differen- 
tiation as  suggested  by  some  of  the  observations  on  planarians  and  on 
Amhlystoma.     The  vexed  questions  of  the  potencies  and  of  the  origin  of 
formative  cells  along  with  the  problem  of  contrasting  powers  of  regenera- 
tion can  be  attacked  as  by  no  other  technique ;  and  it  should  be  possible 
to  separate  more  effectively  the  histological  from  what  we  have  called 
the   organismal   factors   in   regeneration.     A   study   of   such   problems 
becomes  a  study  of  the  general  problem  of  cell  differentiation  and  deter- 
minism.    In  all  this  it  is  highly  desirable  that  we  should  learn  more 
concerning  the  fundamental  effects  of  the  radium  and  X-rays  upon 
protoplasm  by  study  of  material  more  favorable  for  the  purpose  than  is  the 
regenerating  tissue  of  most  animals. 
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WAVE-LENGTHS 
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The  radiations  whose  biological  effects  are  discussed  in  this  paper 
consist  chiefly  of  roentgen  rays  generated  at  various  voltages  from  10  kv. 
to  upward  of  500  kv.  The  range  of  wave-lengths  involved  is  thus  very 
great,  extending  over  more  than  five  octaves,  from  2.0  A  to  less  than 
0.05  A.  The  reactions  which  they  produce  can  be  compared  with  those 
elicited  by  the  alpha,  beta,  and  gamma  rays  of  radium,  but  since  the 
intensities  of  the  latter  radiations  have  not  been  successfully  measured 
in  roentgens,  such  comparisons  must  be  made  with  caution. 

The  biological  effects  produced  by  these  various  qualities  of  radiation 
can  be  considered  from  two  points  of  view,  the  qualitative  and  the  quanti- 
tative. Do  they  vary  in  nature  depending  on  the  wave-length  of  the 
incident  beam,  and  do  they  vary  in  magnitude  when  equal  amounts  of 
radiation  of  different  wave-lengths  are  given?  The  answers  to  these 
questions  have  been  sought  from  the  time  that  X-rays  and  radium  first 
began  to  be  used  in  therapy,  and  yet  today  there  is  no  unanimous  opinion 
on  either  of  them. 

QUALITATIVE    EFFECTS 

The  first  radiologists  believed  that  X-rays  of  different  qualities  were 
capable  of  producing  different  kinds  of  reactions  in  tissues.  This  was  a 
natural  inference,  for  it  was  known  that  in  the  region  of  visible  light  and 
the  ultra-violet,  specific  wave-lengths  produced  specific  effects.  And 
experience  showed  that  soft  X-rays,  filtered  very  lightly  or  not  at  all, 
produced  severe  but  superficial  burns  in  the  skin  while  hard,  highly 
filtered  rays  did  not,  because,  as  was  supposed,  the  caustic  rays  had  been 
removed.  For  a  tim«  the  hard  rays  were  believed  to  have  healing  proper- 
ties. But  in  1915  Rost  (35)  pointed  out  that  both  hard  and  soft  rays 
cause  the  same  histological  changes  in  the  skin  and  other  tissues.  Later 
work  has  confirmed  his  conclusions.  Thus  Reisner  (34)  remarks  that 
"the  erythema  reaction  of  the  human  skin  after  exposure  to  gamma  rays, 
that  is,  to  the  hardest  radiation,  does  not  differ  fundamentally  from  that 
produced  by  hard,  soft,  or  very  soft  X-rays."  Differences  in  the  magni- 
tude of  the  reaction  are  due,  as  Rost  showed,  to  the  relative  amount  of 
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energy  absorbed  per  unit  volume  of  tissue.  When  equal  amounts  are 
absorbed  in  equal  volumes,  the  effects  are  the  same,  regardless  of  the 
different  penetrating  powers  of  the  rays. 

Not  only  do  all  wave-lengths  of  radiation,  and  also  the  beta  rays  of 
radium,  produce  the  same  histological  effects,  but  they  also  elicit  the  same 
more  delicate  changes  in  the  cell  constituents.  Fuhs  and  Politzer  (10) 
find  that  the  morphological  changes  in  the  chromosomes  and  the  order  in 
which  they  make  their  appearance  are  alike,  whether  X-  or  gamma  rays 
are  the  exciting  agents.  Politzer  and  Pauli  (31),  however,  reported  that 
after  exposure  to  cathode  rays,  whose  intensity  is  very  great,  the  cells 
during  mitosis  display  abnormalities  in  the  achromatic  figure  not  seen 
after  treatment  with  X-rays.  They  therefore  concluded  that  these  rays 
produce  a  specific  effect.  But  more  recently  it  has  been  demonstrated 
that  these  same  characteristics  can  be  produced  by  X-rays  if  the  latter 
are  delivered  at  the  rate  of  40,000  r  per  min.,  an  intensity  comparable  with 
that  of  the  cathode  rays  (11).  It  has  also  been  claimed  that  mono- 
chromatic radiations  of  different  wave-lengths  have  the  same  effect  on 
tissue  culture  cells,  but  mixed  radiation  produces  a  different  kind  of 
reaction  which  expresses  itself  in  the  changed  mode  of  growth  of  the 
culture  (39).     The  evidence  on  this  point  is  not  convincing. 

Other  experiments  in  which  the  criterion  of  effect  is  not  a  visible 
morphological  change  but  rather  a  physiological  or  genetic  alteration 
also  show  that  the  quality  of  radiation  does  not  determine  the  nature  of 
the  effect.  Hoffmann  (19)  finds  that  the  reaction  of  the  protozoan 
Opalina  to  vital  dyes  is  the  same  for  various  X-ray  wave-lengths :  Feicht- 
inger  (6)  has  shown  that  the  viscosity  changes  induced  in  Spirogyra  by 
alpha  and  beta  rays  are  essentially  the  same  when  equal  energy  per  unit 
volume  is  absorbed.  Finally,  Hanson  and  Heys  (15)  first  noted  that 
gamma  rays  and  X-rays  produce  the  same  mutations  in  Drosophila. 
The  results  of  subsequent  genetic  experiments  with  radiations  are 
reviewed  by  Timofeef-Ressovsky  (38). 

The  statement  is  often  made  that  qualitative  differences  in  the 
effectiveness  of  different  wave-lengths  are  shown  by  the  elective  proper- 
ties of  the  rays,  a  term  used  to  describe  the  well-known  fact  that  hard, 
highly  filtered  radiations  may,  under  appropriate  conditions  of  dosage, 
injure  certain  tissues  while  leaving  others  unharmed.  When  the  testis 
is  exposed  to  gamma  rays  of  low  intensity,  the  seminal  epithelium  alone 
is  injured;  but  if  X-rays  of  much  higher  intensity  are  used,  the  entire 
organ  undergoes  massive  degeneration  (33).  Observations  of  this  kind 
gave  rise  to  the  belief  that  gamma  rays,  because  of  their  short  wave- 
length, could  produce  better  therapeutic  results  than  were  possible  with 
X-ray  treatment.  There  was  much  clinical  evidence  to  support  this 
view.  But  more  recent  work  has  shown  conclusively  that  the  favorable 
clinical  effects  following  the  use  of  radium  are  not  due  to  any  specific 
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action  but  rather  to  the  fact  that  the  intensity  of  the  beam  is  very  low. 
When  X-rays  are  deUvered  at  comparable  intensities,  the  tissue  reactions 
are  the  same  as  to  radium.  The  rate  at  which  the  radiation  is  delivered 
is  the  important  factor.  There  is  no  evidence  that  short  rays  induce 
results  which  are  biologically  different  from  those  brought  about  by 
longer  rays,  or  that  they  possess  potencies  not  shared  by  the  latter. 

Why,  then,  should  beams  of  low  intensity  show  elective  action? 
The  answer  lies  in  the  biological  properties  of  the  cells  rather  than  in 
the  physical  nature  of  the  radiations.  When  a  beam  of  high  intensity 
is  absorbed  in  a  tissue,  the  very  extensive  ionization  which  ensues  initiates 
destructive  changes  in  all  of  the  cells  whether  they  are  naturally  resistant 
or  sensitive,  and  none  escapes  injury.  But  the  slight  damage  done  by  a 
beam  of  low  intensity  can  be  repaired  by  the  resistant  cells  as  rapidly  as 
it  is  inflicted,  so  that  at  the  end  of  even  a  long  exposure  they  appear  to 
be  unharmed.  The  reverse  is  true  for  sensitive  cells  and  they  soon 
succumb. 

The  conclusion  that  the  nature  of  the  reaction  is  not  influenced  by  the 
wave-length  of  the  incident  beam  is  supported  by  physical  considerations. 
When  X-  and  gamma  rays  are  absorbed,  a  primary  electron  is  ejected  from 
the  absorbing  atom.  This  electron,  whose  velocity  depends  on  the  wave- 
length of  the  incident  beam,  collides  with  atoms  along  its  path,  setting 
free  hundreds  or  even  thousands  of  secondary  electrons  from  them,  and 
continues  so  to  do  until  it  has  expended  all  of  its  energy  and  comes  to  rest. 
The  extensive  ionization  produced  in  this  way  is  the  starting  point  of  a 
series  of  biological  reactions  which  may  lead  to  the  injury  or  death  of  the 
cells.  If  then  the  same  number  of  secondary  electrons  are  produced  by 
both  hard  and  soft  rays;  if,  in  other  words,  the  same  amount  of  ionization 
occurs,  we  should  expect  the  biological  reaction  to  be  the  same  also. 
And  when  the  amount  of  ionization  is  greater  in  one  case  than  another, 
we  should  expect  a  difference  only  in  the  magnitude  of  the  reaction  and 
not  in  its  nature. 

QUANTITATIVE    EFFECTS 

Whether  equal  quantitative  effects  are  produced  by  equal  doses  of 
radiation  having  widely  different  wave-lengths  is  a  question  which  has 
not  yet  been  finally  answered.  Its  solution  involves  two  problems; 
first,  the  accurate  measurement  of  the  dose,  and  second,  the  accurate 
measurement  of  the  biological  effects  which  it  produces.  Methods  for 
determining  dosage  are  discussed  elsewhere.  At  the  present  time  the 
general  opinion  is  that  X-ray  dosage  can  be  measured  v;ith  reasonable 
accuracy  when  the  rays  are  produced  at  voltages  lying  within  the  range 
commonly  used  in  therapy.  Difficulties  arise  w^hen  these  limits  are 
exceeded,  especially  on  the  side  of  very  high  voltages.  Indeed,  measure- 
ments of  X-rays  produced  at  500  kv.  and  more  are  only  approximate, 
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while  those  of  gamma  rays,  which  represent  voltages  of  the  order  of 
1000  kv.  and  more,  are  very  uncertain. 

Quantitative  biological  effects  are  determined  by  measuring  the 
magnitude  of  the  reaction  of  various  test  objects  to  the  rays.  First  to 
be  used  for  this  purpose  was  the  human  skin,  a  natural  choice  because  the 
first  radiologists  were  concerned  almost  wholly  with  clinical  effects. 
Because  at  that  time  no  accurate  means  of  measuring  intensities  had  been 
devised,  the  erythema  reaction  itself  was  used  as  a  unit  of  dosage.  It  is 
still  employed  widely  although  it  lacks  precision.  The  degree  of  redden- 
ing of  the  skin  is  subject  to  considerable  variation  depending  on  the 
natural  pigmentation  of  the  skin,  on  the  part  of  the  body  which  is  exposed, 
and  on  the  age  and  health  of  the  patient.  Furthermore,  the  magnitude 
of  the  reaction  varies  with  the  area  under  exposure  and  with  the  intensity 
of  the  beam.  For  these  reasons  an  absolute  erythema  dose  cannot  be 
defined  in  terms  of  physical  units. 

The  older  literature  shows  little  uniformity  of  opinion  regarding  the 
effectiveness  of  different  wave-lengths  in  producing  a  typical  skin  reac- 
tion. Many  of  the  conclusions  arrived  at  before  1928  when  the  inter- 
national unit,  or  roentgen,  was  adopted,  are  questionable  because  of  inac- 
curate measurement  of  dosage,  and  because  no  account  was  taken  of  the 
part  played  by  differences  in  intensity.  The  general  opinion  was  that 
soft  radiations  are  more  effective  than  hard.  Recent  observations, 
however,  have  shown  that  this  is  not  true  (36).  When  the  erythema 
doses  for  beams  of  various  degrees  of  softness  are  measured  by  a  standard 
instrument  they  are  found  to  be  identical.  So  also  Hess  (17)  whose  first 
measurements  indicated  that  rays  generated  at  60  kv.  were  twice  as 
effective  as  those  produced  at  either  9  or  185  kv.,  discovered  when  his 
dosimeter  was  properly  calibrated,  that  all  three  doses  were  actually 
the  same.  Hickey  and  Pohle  (18)  and  others  give  evidence  to  show  that 
this  equality  of  effect  extends  over  a  wide  range  of  wave-lengths,  when 
the  area  of  exposure  is  small  and  the  duration  of  exposure  is  constant. 
But  Reisner  who  reviews  the  subject  in  detail  comes  to  the  conclusion 
that  while  within  the  region  of  moderately  hard  rays  (0.14  to  0.22  A) 
all  wave-lengths  are  equally  effective,  still  softer  radiation  is  much  more 
active.  In  opposition  to  this  view  are  Failla  and  Henshaw  (7)  who  state 
that  the  hard  gamma  rays  of  radium  are  more  effective  than  160-kv. 
X-rays.  In  measuring  these  two  qualities  they  used  both  physical  and 
biological  methods.  The  latter  consist  in  determining  the  doses  of  both 
radiations  which  kill  the  same  proportion  of  Drosophila  eggs.  Equal 
doses  thus  measured  are  not  equally  effective  on  the  skin,  the  gamma 
rays  being  more  active. 

Without  doubt  inaccurate  measurement  is  in  part  responsible  for 
these  wide  variations  in  opinion.  But  an  important  source  of  error  lies 
in  the  neglect  of  the  time  factor  (20) .     It  is  now  known  that  the  same  total 
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dose,  measured  in  roentgens,  produces  very  different  degrees  of  reaction 
depending  on  the  length  of  exposure,  that  is,  on  the  intensity  of  the 
beam.  Holthusen  (22)  has  shown  that  an  increase  in  the  duration  ol 
exposure  must  be  accompanied  by  an  increase  in  the  total  dose  if  the 
same  degree  of  erythema  is  to  be  obtained.  Thus  500  r,  delivered  in 
1  min.  produce  the  same  results  as  900  r  given  in  50  min.,  or  1400  r  given 
in  about  8  hr.  In  these  tests  Holthusen  used  both  hard  and  soft  X-rays 
and  also  gamma  rays.  The  latter  were  calibrated  by  a  biological  method 
similar  to  that  used  by  Failla  and  Henshaw,  except  that  Ascaris  eggs 
were  used.  When  equal  doses  of  gamma  and  X-rays  are  given  in  equal 
times,  the  reaction  is  approximately  the  same,  the  gamma  rays  being 
slightly  more  active. 

One  disadvantage  of  the  skin  as  a  test  object  is  that  it  cannot  be 
uniformly  radiated  throughout.  A  varying  amount  of  the  incident 
energy  is  absorbed  in  the  outermost  layers,  the  proportion  depending 
on  the  penetrating  power  of  the  rays.  Furthermore,  the  effect  produced 
by  the  primary  beam  is  augmented  by  scattered  radiation,  especially 
in  the  case  of  the  moderately  hard  rays. 

Better  test  objects  are  small,  growing  organisms  such  as  eggs,  seeds, 
bacteria,  and  the  hke,  all  parts  of  which  receive  approximately  equal 
amounts  of  radiant  energy.  In  these  also  scattered  radiation  is  negligible. 
There  are  several  criteria  by  which  the  usefulness  of  these  various 
organisms  can  be  judged. 

a.  The  effect  of  the  radiation  must  be  clear-cut  and  easily  measured. 
In  the  case  of  seedlings  it  is  the  rate  of  growth  or  the  proportion  of 
specimens  whose  growth  is  completely  inhibited.  For  eggs,  it  is  the 
failure  of  the  larva  to  hatch. 

b.  A  high  degree  of  sensitivity  is  a  valuable  asset,  for  it  permits 
small  doses  and  short  exposures.  The  latter  are  especially  desirable, 
for  during  long  exposures  the  organisms  not  killed  immediately  continue 
their  development  and  grow  more  and  more  resistant.  In  the  accom- 
panying Table  1  are  shown  the  doses  necessary  to  kill  50  per  cent  of  the 
samples  of  various  organisms,  or  to  reduce  their  growth  to  half  of  that 
shown  by  the  controls. 

Table  1 

R 

Axolotl  eggs  (25) 50 

Drosophila  eggs  (30) 190 

Vicia  seedlings  (13) 300 

Ascaris  eggs  (21) 1  'OOO 

Wheat  seedlings  (16) 1-200 

Mesotaenium  (26) 9-000 

Saccharomyces  (12) 42 ,000 

The  figure  given  for  Ascaris  eggs  is  only  approximate,  for  the  eggs  from 
different   worms  vary  in   sensitiveness   within   very   wide   limits.     The 
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very  resistant  alga  and  yeast  cells  must  be  exposed  to  beams  whose 
intensity  is  several  thousand  r  per  min.  in  order  to  reduce  the  length  of 
exposure  to  reasonable  limits. 

A  constant  degree  of  sensitivity  is  a  great  advantage  for  it  permits 
direct  comparisons  between  the  results  of  different  experiments.  Drosoph- 
ila  eggs  have  shown  a  remarkable  degree  of  constancy;  190  r  kill  half 
of  the  eggs  obtained  from  different  strains  of  wild  flies  which  have  been 
worked  with  for  a  number  of  years.  Precisely  the  same  dose  has  been 
found  for  Drosophilas  tested  in  Germany  (23). 

c.  The  necessity  of  using  small  organisms  in  these  experiments  is 
obvious  when  very  soft  radiations  are  employed,  for  their  penetrating 
powers  are  so  slight  that  there  is  an  appreciable  difference  in  the  amount 
of  energy  received  by  the  upper  and  lower  sides  of  the  object.  Even 
with  Drosophila  eggs  whose  greatest  diameter  is  about  0.18  mm.,  the 
correction  for  absorption  of  rays  generated  at  12  kv.  amounts  to  6  per  cent. 
For  still  lower  voltages  this  correction  rapidly  becomes  much  more 
important. 

d.  Genetic  purity  is  considered  important,  especially  in  plant  mate- 
rial. But  tests  with  hybrid  strains  of  wild  Drosophila  indicate  that  it  is 
not  significant. 

It  is  evident  that  the  choice  of  test  objects  which  will  fulfill  these 
requirements  is  limited.  Many  seeds  are  of  little  value  because  of  their 
high  powers  of  resistance.  This  is  true  for  the  protozoa  in  general. 
Eggs  are  usually  available  for  limited  periods  only,  and  often  in  numbers 
too  small  to  furnish  significant  data.  Drosophila  eggs,  however,  conform 
to  the  above  requirements. 

The  amount  of  normal  variation  which  occurs  in  the  various  test 
objects  which  have  been  used  has  scarcely  been  mentioned  in  the  litera- 
ture, yet  an  evaluation  of  the  published  results  of  radiation  experiments 
cannot  be  made  without  some  information  on  this  point.  Bolaffio  (1), 
who  used  the  seedlings  of  Vicia  Faba,  remarks  that  "almost  never  do  all 
seeds  in  a  test  act  alike.  Many  times  in  one  group  the  differences  are  so 
great  that  the  entire  test  which  has  taken  so  much  time  and  labor  must  be 
discarded.  In  the  presentation  of  data  there  is  always  a  strong  subjective 
factor,  so  that  the  results  represent  not  a  measure  but  a  preference." 
Lachmann  and  Stubbe  (24),  however,  believe  that  the  amount  of  varia- 
tion can  be  greatly  reduced  by  appropriate  culture  methods.  Data  given 
by  Zuppinger  (44)  in  his  work  on  Ascaris  eggs  shows  that  the  coefficient 
of  variation  varies  in  different  tests  between  12  and  28  per  cent. 
But  he  states  that  differences  of  5  per  cent  between  the  means  of 
two  sets  of  experiments  are  significant.  An  analysis  of  data  ob- 
tained from  tests  with  Drosophila  eggs  indicates  a  coefficient  of 
variation  ranging  from  3  to  8  per  cent.  Table  2  gives  the  results  of  a 
series  of  10  tests. 
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Table  2 

Roentgens  Delivered 

Per  Cent  Hatchi 

183 

57.4 

183 

52.4 

184 

51.3 

184 

51.1 

184 

52.5 

184 

47.7 

186 

48.9 

188 

55.6 

188 

49.5 

189 

56.1 

185 

52.3 

<r  =  ±3.08; 

C.  =  5.90; 

Em  =  ±0.66. 

The  data  show  that  when  equal  doses,  measured  in  roentgens  are 
deUvered,  the  proportion  of  eggs  that  survive  is  very  constant.  Similar 
series  of  tests  in  which  the  doses  range  from  50  to  300  r  furnish  data  for 
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Fig.  1. — Curve  showing  the  relation  between  X-ray  dosage  and  biological  effect 
is  based  on  data  derived  from  experiments  in  which  different  wave-lengths,  as  indi( 
by  the  symbols,  were  used. 

the  survival  curve  shown  in  Fig.  1.  This  curve  is  an  expression  of  the 
normal  variability  of  the  eggs  to  X-radiation ;  it  is  also  a  means  of  meas- 
uring dosage  (28),  for  the  proportion  of  survivals  is  an  accurate  indication 
of  the  number  of  roentgens  which  the  entire  sample  received.  When 
doses  estimated  in  this  way  are  compared  with  measurements  made  with 
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an  open  ionization  chamber,  the  results  are  found  to  agree  within  2  per 
cent.  By  this  use  of  the  survival  curve  the  relative  effectiveness  of  equal 
doses  of  different  wave-lengths  can  be  determined  with  great  precision. 

The  first  investigators  who  employed  small  test  objects  in  the  study 
of  the  wave-length  problem  were  handicapped  by  the  lack  of  a  standard 
unit  by  which  to  express  the  quantity  of  radiation  which  they  used,  and 
by  the  lack  of  accurate  dosimeters.  It  is  not  surprising,  therefore,  that 
there  was  little  agreement  in  their  results.  But  as  the  means  of  measure- 
ment have  improved  the  diversity  of  opinion  has  grown  less,  until  at  the 
present  time  nearly  all  are  agreed  that  equal  doses  of  all  wave-lengths 
within  a  very  wide  range  produce  equal  quantitative  results. 

First  to  demonstrate  this  was  Wood  (40,  41)  who  used  mouse  tumor 
tissue  as  a  test  object.  The  finely  minced  tumor  particles  were  exposed 
to  homogeneous  beams  having  wave-lengths  of  0.21  and  0.71  A  and  then 
inoculated  into  healthy  animals.  The  criterion  of  effect  was  the  failure 
of  the  particles  to  grow  in  the  host  animal.  Since  the  tumor  strain  which 
he  used  always  "takes,"  any  failure  to  grow^  was  due  to  the  lethal  action 
of  the  rays.  The  doses  were  measured  with  an  open  ionization  chamber. 
Although  the  degree  of  variability  in  this  material  is  fairly  large,  the 
results  of  numerous  tests,  involving  thousands  of  animals,  clearly  showed 
that  there  is  no  constant  difference  in  effectiveness  between  these  two 
qualities  of  radiation. 

Evidence  on  this  question  derived  from  the  study  of  the  reaction  of 
various  seedlings  is  still  somewhat  confused.  The  earlier  literature  which 
is  extensive  may  be  passed  over  because  the  experiments  lacked  precision 
both  in  dosage  and  in  biological  technique.  The  usual  procedure  is  to 
radiate  germinated  specimens  whose  roots  are  of  about  the  same  length. 
The  criterion  of  effect  is  the  increase  in  the  length  of  the  irradiated  roots 
as  compared  with  that  of  the  controls,  or  else,  the  proportion  of  seedlings 
which  cease  to  grow  after  a  definite  time.  The  variability  in  this  material 
is  partly  due  to  methods  of  handling.  Specimens  that  have  been  soaked 
in  water  for  some  hours  to  start  germination  are  more  sensitive  than  those 
soaked  for  only  a  short  time.  Then  also,  sensitivity  varies  with  the 
length  of  the  root  at  the  time  of  radiation.  Injuries  to  the  root  tip  are 
not  uncommon.  This  leads  Henshaw  (16)  to  reject  from  each  sample 
one-third  of  the  irradiated  seedlings  whose  root  length  appears  to  depart 
most  widely  from  the  average.  Recently  Glocker  and  his  collaborators 
(13,  14)  have  made  experiments  on  a  variety  of  seedlings,  using  appro- 
priate culture  methods  and  carefully  measured  doses.  They  find  that  the 
dose  needed  to  kill  50  per  cent  of  the  samples  of  the  horse  bean,  Vicia  Faha, 
and  of  mustard  and  sunflower  seedlings  is  the  same  whether  the  radiation 
is  hard,  soft,  or  medium  (0.18,  0.56,  1.54  A).  But  Lachmann  and 
Stubbe  (24)  who  also  used  Vicia  conclude  that  hard  rays  are  much  more 
effective  than  soft.     However,  they  failed  to  take  into  account  the  fact 
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that  the  latter  radiation  was  largely  absorbed  in  the  upper  layer  of  the 
root  tips,  the  lower  portion  receiving  only  a  fraction  of  the  total  dose. 
When  a  correction  is  made  for  absorption,  the  effects  of  both  radiations 
are  found  to  be  about  equal. 

A  few  experiments  by  Glocker  and  others  have  been  made  on  certain 
algae  (26)  and  on  yeast  (12).  In  each  case  undivided  cells  were  irradi- 
ated, and,  after  incubation,  the  proportion  of  individuals  which  had 
divided  only  once  or  not  at  all  was  determined.  These  were  reckoned  as 
injured.  The  results  indicate  that  both  types  of  cells  are  much  more 
affected  by  soft  rays  (1.54  A)  than  by  rays  of  medium  hardness  (0.56  A). 
Very  large  doses  were  given  because  it  is  difficult  to  check  cell  division 
completely  in  unicellular  organisms  and  in  fertihzed  eggs.  For  example, 
fertilized  but  uncleft  frog  eggs  may  be  given  a  dose  of  72,000  r  and  yet 
divide  at  least  once.  But  400  r,  given  at  the  same  stage,  suffice  to  cause 
death  when  gastrulation  begins.  Because  of  the  somewhat  indefinite 
criterion  of  effect,  and  because  both  yeast  and  algal  cells  are  very  sensitive 
to  external  conditions,  these  results  are  not  wholly  convincing. 

On  bacteria  very  little  careful  quantitative  work  has  been  done. 
The  necessity  of  using  only  those  types  which  can  be  spread  uniformly 
on  the  plates,  and  of  preventing  multiplication  during  the  period  of 
exposure  has  not  been  realized  (43).  Wyckoff  (42),  who  used  Bacillus 
coli,  finds  that  the  biological  action  of  radiations  having  a  wave-length  of 
1.54  A  or  less  is  proportional  to  their  measured  ionization.  But  very  soft 
rays  are  less  effective. 

Braun  and  Holthusen  (2)  and  others  have  carried  on  extensive 
studies  on  the  wave-length  problem,  using  Ascaris  eggs  as  a  test  material. 
Unsegmented  eggs  from  a  single  worm  are  irradiated  and,  after  four  days 
of  incubation,  are  examined  to  determine  the  proportion  of  injured 
embryos.  When  eggs  are  exposed  to  soft  and  hard  rays  of  the  same 
intensity  and  for  the  same  length  of  time  the  percentage  of  injuries  in 
both  cases  is  alike  within  the  hmits  of  experimental  error.  But  Zuppin- 
ger  (44)  holds  that  hard  rays  are  in  general  more  effective  than  soft  rays. 
He  finds,  however,  that  the  effectiveness  of  the  latter  diminishes  slightly 
as  the  wave-lengths  increase  to  0.53  A,  where  it  is  at  a  minimum,  and 
then  increases  more  rapidly  with  decreasing  wave-length.  Dognon  (3) 
on  the  contrary  has  stated  that  the  soft  rays  are  the  more  effective.  But 
he  remarks  (4)  that  if  due  allowance  is  made  for  absorption  of  the  softest 
radiations,  the  corrected  doses  indicate  an  equality  of  effect. 

In  a  very  extensive  series  of  experiments  with  Drosophila  eggs,  various 
investigators  have  demonstrated  the  complete  lack  of  any  differential 
action  due  to  wave-length.  From  the  softest  rays,  generated  by  12  kv. 
to  very  hard  rays  produced  at  700  kv.,  the  quantitative  effect  of  equal 
doses  is  always  the  same.  The  criterion  of  effect  is  the  proportion  of 
eggs  which  live.     These  eggs  are  almost  free  from  disturbing  environ- 
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mental  influences,  and  the  influence  of  the  time  factor.     Their  easy  avail- 
ability at  all  times,  in  large  numbers,  makes  them  exceptionally  good 

test  objects. 

The  experiments  of  Packard  are  summarized  in  Fig.  1.  Each  point 
is  determined  from  the  average  of  several  tests  involving  several  hundred 
eggs.  The  doses  were  measured  b^  open  ionization  chambers,  the 
intensity  of  the  softest  radiation  (1.5  A)  being  obtained  with  special  care. 
In  this  instance  every  source  of  inaccuracy  was  investigated  and  the 
necessary  corrections  made  (5).  The  intensity  determined  by  the  bio- 
logical method  differed  from  that  obtained  from  ionization  readings  by 
less  than  2  per  cent.  The  hardest  radiations,  generated  at  550  kv.  could 
not  be  measured  with  equal  precision,  but  the  biological  results  are  in 
fair  agreement  with  those  obtained  at  lower  voltages  (27).  Henshaw 
(16),  who  has  studied  the  effectiveness  of  700-kv.  X-rays,  finds  that  it  does 
not  differ  significantly  from  that  of  much  softer  radiation.  These  results, 
together  with  those  of  Glocker  (14),  give  no  evidence  that  there  is  any 
point  of  maximum  or  minimum  effectiveness  throughout  this  very  wide 
range  of  wave-lengths. 

A  comparison  between  the  activity  of  gamma  rays  and  X-rays  has 
been  made  by  Simon  (37).  Virgin  Drosophila  were  irradiated,  then 
mated,  and  the  percentage  of  fertile  eggs  determined.  The  intensity  of 
radiation  was  measured  in  ergs/cc.  according  to  the  method  of  Stahel. 
The  effect  produced  by  equal  doses  of  both  radiations,  when  given  in 
equal  lengths  of  exposure,  was  the  same.  But  short  exposures  proved 
to  be  more  effective  than  long,  the  total  doses  being  equal. 

The  course  of  the  survival  curve  of  Drosophila  eggs  remains  constant 
regardless  of  the  quality  of  radiation  used  as  a  lethal  agent  (29) .  This  is 
true  also  for  the  mortality  curves  of  Ascaris,  of  yeast,  algae,  and  bacteria. 
But  according  to  Glocker  (14)  there  are  a  few  test  objects  whose  mortality 
curves  are  affected  by  changes  in  the  wave-length  of  the  incident  beam, 
the  soft  rays  being  more  effective  in  small  doses  while  the  reverse  is  true 
for  large  doses.  This  phenomenon  he  attributes  to  the  size  of  the 
quanta.  A  discussion  of  the  quantum  theory  is  presented  elsewhere  in 
this  volume. 

One  more  test  of  a  different  kind  may  be  mentioned.  Fricke  and 
Petersen  (9)  have  investigated  the  action  of  hard  and  soft  rays  on  hemo- 
globin. The  laked  blood  is  exposed  to  measured  doses  of  three  wave- 
lengths. The  hemoglobin  is  gradually  transformed  into  methemoglobin, 
the  exact  amount  being  determined  by  a^  spectrophotometer.  They 
conclude  that  radiations  of  0.75  and  0.54  A  produce  identical  results, 
while  shorter  rays  (0.25  A)  are  very  slightly  more  effective.  In  further 
experiments  Fricke  and  Morse  (8)  irradiated  acid  solutions  of  ferrous 
sulphate  with  homogeneous  beams  of  approximately  the  same  wave- 
lengths previously  used.     Analysis  showed  that  in  each  case  the  amount 
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of  oxidation  to  ferric  sulphate  was  the  same.  Quimby  and  Downes  (32) 
also  have  shown  by  another  chemical  method  that  within  a  very  wide 
range  of  \vave-lengths  the  amount  of  mercurous  chloride  precipitated 
from  a  mixture  of  ammonium  oxalate  and  mercuric  chloride  is  propor- 
tional to  the  length  of  exposure,  other  factors  being  the  same.  They 
therefore  conclude  that  this  reaction  may  be  useful  for  measuring  the 
quantity  of  radiation,  since  it  is  independent  of  wave-length  effects. 

The  effectiveness  of  X-ray  wave-lengths  is  a  problem  of  practical 
importance  to  the  radiologist.  If  soft  rays  are  more  potent  than  hard 
rays  and  produce  different  kinds  of  changes  in  tissues,  then  each  wave- 
length becomes  a  different  medicament.  This  view,  once  widely  held, 
is  no  longer  tenable.  The  qualitative  and  quantitative  effects  of  equal 
doses  of  both  hard  and  soft  X-rays  are  the  same.  The  radiotherapist, 
therefore,  now  chooses  that  radiation  w^hich  can  penetrate  to  the  site  to 
be  treated,  knowing  that  the  energy,  in  the  form  of  short  rays,  actually 
absorbed  by  cells  at  a  depth  will  produce  the  same  amount  of  change  that 
is  produced  by  an  equal  dose  of  soft  rays  absorbed  at  the  surface. 
Whether  the  still  shorter  gamma  rays  of  radium  or  X-rays  of  comparable 
wave-length,  generated  at  potentials  of  a  million  volts,  will  conform  to 
this  rule  cannot  be  finally  determined  until  more  accurate  means  of 
measuring  their  intensities  have  been  devised. 
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INTRODUCTION 

The  purpose  of  this  review  is  to  correlate  the  known  facts  concerning 
the  physiological  effects  upon  body  and  organ  systems  of  the  various 
radiations  making  up  the  electromagnetic  spectrum. 

The  widespread  application  of  various  portions  of  the  electromagnetic 
spectrum  for  therapeutic  and  experimental  purposes  has  made  essential 
a  more  accurate  knowledge  of  the  effects  of  these  radiations  upon  body 
tissues.  The  student  and  investigator  is  rather  overwhelmed  by  the 
immense  volume  of  literature  which  has  developed  within  the  last  ten 
years  in  the  field  of  "radiation  effects"  upon  tissues.  For  general  refer- 
ences dealing  with  roentgen  and  radium  radiation  effects  up  to  the 
advent  of  200-kv.  equipment,  the  reader  is  referred  to  Colwell  and  Russ 
(46),  reviews  of  the  German  Uterature  by  Schwarz  (331),  Kuhlmann 
(181),  Flaskamp  (105),  Fuhs  and  Konrad  (108),  Zwerg  (403,  404),  Waters 
and  Kaplan  (381),  Dessauer  (75),  Mavor  (216),  critical  reviews  by  Cas- 
pari  (39),  Holthusen  (158),  Warren  (369),  Packard  (260),  and  an  exhaus- 
tive summarization  of  the  physiological  effects  upon  certain  organs  by 
Desjardins  (70,  72,  73,  74).  For  data  concerning  ultra-violet  radiation, 
important  reviews  are  those  by  Laurens  (191),  Ellis  and  Wells  (93), 
Mayer  (218),  and  Kuhlmann  (182).  Lacassagne  (184,  187)  discusses  the 
evidence  in  favor  of  the  direct  and  selective  action  of  roentgen  radiation 
upon  body  cells.  In  vitro  work  on  embryonic  tissue  cells  is  reported  in 
detail  by  Cox  and  Spear  (52). 

CRITICAL 

The  greatest  difficulty  encountered  in  attempting  to  correlate  the 
effects  of  any  radiations  upon  the  body  systems  is  due  to  the  variations 
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in  dosage  methods  used  by  the  different  investigators.  Until  the  inter- 
national unit  of  measurement  of  roentgen  radiation,  the  roentgen  (r  unit), 
was  agreed  upon,  these  dosage  factors  could  only  be  identified  in  a 
general  way.  Since  the  adoption  of  this  r  unit,  it  is  possible  to  compare 
dosages  applied  to  the  surface,  at  least,  with  one  another.  The  roentgen 
postulates  that  ionization  effects  of  roentgen  radiation  are  comparable, 
but  so  far  methods  of  measuring  such  effects  over  the  other  parts  of  the 
spectrum  have  not  been  available.  The  situation  is  still  obscured  if  the 
unit  erg/cm. 2/sec.  is  used;  this  defines  the  total  quantity  delivered  upon 
a  certain  plane  or  surface  but  does  not  allow  for  that  lost  by  transmission 
through  the  tissue.  Nor  does  it  take  into  consideration  any  specific 
properties  of  the  substance  irradiated,  i.e.,  specific  spectral  absorption 
or  transmission  in  the  ultra-violet  spectrum.  Perhaps  the  matter  would 
be  simplified  still  further  if  some  common  energy  equivalent  like  ergs 
absorbed  per  unit  volume  of  tissue  were  used,  which  could  be  applied 
with  greater  accuracy  to  the  whole  spectrum. 

Another  difficulty  encountered  in  comparing  the  physiological  effects 
of  these  radiations  is  the  variation  in  the  intensities  and  the  time  factors 
involved,  and  the  lack  of  a  clear  understanding  of  the  differential  effects 
of  the  different  bands  of  the  electromagnetic  spectrum  from  the  shortest 
to  the  longest  wave-lengths.  Most  of  these  differences  may  be  based 
upon  purely  physical  rather  than  biological  phenomena.  In  addition, 
it  is  often  difficult  to  interpret  the  results  obtained,  because  of  the  failure 
of  many  of  the  experimenters  to  take  into  consideration  the  broader 
concepts  of  the  effects  of  radiation,  the  authors  having  emphasized  the 
clinical  and  empirical  rather  than  the  biological  and  physical  viewpoints. 
Further,  there  is  still  a  lack  of  agreement  in  the  establishment  of  a  definite 
biological  unit  of  dosage,  chiefly  because  there  may  be  certain  individual 
differences,  as  well  as  species  differences,  in  the  test  objects,  which  may 
influence  the  effectiveness  of  a  given  dosage.  Moreover,  results  obtained 
with  experimental  animals  may  not  be  directly  applied  to  human  tissues, 
although  in  general  the  principles  are  the  same,  however  different  the 
doses  involved  may  be. 

The  primary  effect  of  radiation  may  be  considered  to  be  a  destructive 
one.  Secondary  effects,  aside  from  loss  of  function,  are  mainly  those 
due  to  repair  of  this  damage.  The  whole  concept  of  radiation  therapy 
is  built  upon  the  supposed  greater  sensitivity  of  the  tumor  cells  or  the 
abnormal  cell  mass  treated  over  that  of  the  normal  near-by  structures, 
of  necessity  exposed  to  the  radiation.  Normal  tissues,  too,  vary  greatly 
in  their  susceptibility  to  damage  by  radiation,  and  only  rough  estimates 
are  available  for  a  comparison  of  the  relative  doses  involved  in  tissue 
damage. 

The  variation  in  the  depth  dosage  in  the  tissues  irradiated  in  experi- 
mental animals  and  humans  must  bear  some  important  relation  to  the 
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so-called  sensitivity  of  the  organs  (376).  The  manner  in  which  the 
dosage  may  be  varied  by  organs  of  different  density,  the  presence  of  gas 
and  air  in  certain  organs,  and  other  factors  was  discussed  by  Wintz  and 
Rump  (392).  Tsuzuki  (354)  irradiated  normal  rabbits  with  160  per  cent 
of  human  skin  erythema  dose  (with  average  wave-length  of  0.1  A, 
170  kv.)  and  studied  the  depth  dose  developed  in  various  organs.  This 
is  a  very  rational  attempt  to  arrive  at  the  sensitivity  of  the  various  organs. 
Weatherwax  and  Robb  (382)  showed  considerable  difference  in  the  depth 
dose  when  collapsed  and  expanded  lung  tissue  was  immersed  in  a  water 
phantom.  The  expanded  lung  allows  more  radiation  to  pass  through  the 
w^ater,  although  there  is  a  reduction  in  the  amount  of  scattered  radiation. 
A  critical  inspection  of  published  data  would  indicate  that  up  to  the 
present  time  there  are  no  accurate  dosage  tables  for  the  total  destructive 
dosage,  or  ''lethal"  dosage,  for  any  of  the  cell  types  in  vivo.  Little 
consideration  (except  Tsuzuki,  354)  has  been  given  to  the  effective  depth 
dose  deUvered  to  an  organ  in  situ  (Packard,  260),  especially  in  experi- 
mental animals,  and  it  is  apparent  that  most  of  the  effects  obtained  in 
organs  following  irradiation  are  in  various  degrees  of  totality.  Most 
investigators  have  manipulated  dosage  to  the  point  of  obtaining  an 
appreciable,  destructive,  structural  change,  either  microscopic  or  gross, 
with  some  demonstrable  functional  abnormality.  There  are  several 
important  handicaps  to  experiment:  (a)  the  technical  difficulties  in 
handling  the  experimental  animal  or  biological  material  and  the  cumber- 
some physical  equipment  in  an  accurate  manner  during  the  period  neces- 
sary for  the  irradiation;  (b)  the  difficulty  in  localizing  the  radiation  and 
measuring  the  amount  delivered  to  the  organ;  (c)  the  variation  in  the 
biological  materials,  in  regard  to  both  individual  and  species  differences ; 
(d)  the  difficulty  in  interpreting  results  w^here  the  normal  variables  are 
not  well  understood  either  in  the  laboratory  animal  or  in  the  greatest 
variable,  the  diseased  patient. 

GENERAL  CONCEPT 

Fundamentally,  there  are  two  major  types  of  change  that  radiation 
may  bring  about  in  a  cell,  and  thus  in  an  organ,  namely,  an  acute  fatal 
injury  or  an  injury  which  is  not  necessarily  fatal  but  which  leads  to 
degenerative  changes  of  greater  or  less  degree,  such  as  edema  and  swell- 
ing, faulty  mitosis,  shrinkage  in  size,  and  in  extreme  cases,  loss  of  nuclei 
and  hyahnization.  An  infiltration  of  wandering  cells  may  occur,  but 
this  is  often  negligible  in  quantity  and  is  probably  a  repair  reaction. 
With  destruction  of  sensitive  cells,  the  connective-tissue  stroma  which  is 
sometimes  also  damaged,  tends  to  collapse  and  become  more  prominent, 
and  the  repair  reaction  tends  to  bring  in  new  connective  tissue  cells  to 
fill  up  the  spaces  left  by  the  disappearance  of  the  cells  of  an  organ.  This 
does  not  take  into  consideration,  of  course,  those  cells  only   slightly 
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injured  which  are  able  to  recover  completely  in  function  and  reproductive 
power.  All  variations  between  acute  fatal  injury  and  return  to  normal 
are  relative  to  dosage  and  sensitivity. 

In  every  organ  there  are  probably  a  few  cells  in  such  a  stage  of  "sensi- 
tivity" that  a  certain  minimal  dosage  of  radiation  will  be  lethal  for  them. 
There  are  also,  in  even  the  more  sensitive  cell  groups,  some  cells  which 
will  survive  extremely  large  doses  of  radiation  which  will  have  killed  all 
of  the  other  cells  of  a  given  organ.  These  few  cells,  some  of  them  abnor- 
mal now,  attempt  to  regenerate,  and  the  degree  of  success  in  restoring 
the  function  of  the  organ  involved  is  determined,  to  a  great  extent,  by  the 
number  of  functioning  survivors  and  the  defects  brought  about  by 
the  collapse  of  the  destroyed  cells.  Lack  of  knowledge  of  many  of  the 
intimate  processes  going  on  within  the  cell  is,  of  course,  a  handicap  com- 
mon to  the  whole  field.  The  investigator  may  very  well  apply  the 
methods  used  with  the  simpler  biological  materials  (see  other  papers  in 
this  work)  to  experiments  dealing  with  the  more  complex  organs  in 
animals. 

A  study  of  the  time  relations  of  some  of  these  effects  of  irradiation 
must  be  divided  up  into  two  considerations:  first,  the  immediate  death 
of  a  certain  number  of  the  cells  following  irradiation,  and  the  repair  or 
failure  of  repair  of  this  damaged  area,  and  second,  the  prolonged  degenera- 
tive processes  in  cells  not  killed  and  the  resultant  disturbances  therefrom. 
A  true  "latent  period,"  therefore,  should,  strictly  speaking,  involve  only 
the  acute  injury,  including  death,  of  the  cell,  and  occupy  that  time 
interval  between  the  irradiation  and  the  disturbance  in  function  of  the 
particular  type  of  cell  under  investigation.  Since  the  cells  in  a  given 
organ  are  apt  to  vary  somewhat  in  their  sensitivity  at  the  time  of  any 
given  irradiation,  one  may  have  all  stages  of  injury  of  the  cells  in  an  organ 
from  minimal  injury  to  death.  This  will  be  evidenced  as  an  average 
effect  of  the  total  damage  done  and  will  influence  the  functional  dis- 
turbance and  histological  and  gross  appearance  of  the  organ  accordingly. 

In  considering  the  effects  of  radiation  upon  the  organ  systems  and  in 
particular  the  efi"ect  of  roentgen  and  radium  radiation,  it  is  necessary 
to  take  into  consideration  the  methods  of  dosage  as  well  as  the  total 
amount  involved  and  the  time  interval  between  various  doses.  There 
are  three  main  types  of  dosage:  first,  the  "massive-dose"  method,  in 
which  the  total,  usually  near  the  erythema  dose,  is  given  at  one  sitting 
within  a  short  or  relatively  prolonged  period  of  time,  usually  depending 
upon  the  amount  of  energy  available  to  the  investigator;  second,  the 
''fractional  method"  in  which  a  definite  proportion  of  an  erythema  dose 
is  given  at  regular  short  intervals,  either  as  a  dose  of  high  intensity  given 
over  a  short  period  of  time,  simple  fractional  method,  or  the  same  dosage 
of  radiation  given  with  low  intensity  over  a  relatively  long  period  of  time, 
protracted  fractional  method ;  third,  the  method  of  giving  a  large  dose  of 


ORGAN  AND  BODY  SYSTEMS  477 

very  low  intensity  radiation  over  a  very  long  period  of  time.  The  last 
usually  concerns  small  amounts  of  radium  or  radium  emanation.  Most 
of  the  experimental  work  done  upon  animal  tissues  up  to  a  recent  date 
has  been  done  with  the  massive-dosage  method,  so  that  the  physiological 
effects  presented  concern  chiefly  this  type  of  dosage,  but  of  recent  years 
the  other  methods  have  been  employed  to  a  considerable  extent,  though 
as  a  rule  for  therapeutic  purposes  only.  Experimental  observations  made 
upon  the  skin  of  patients  jdeld  information  of  value  in  depicting  the 
changes  which  may  occur  under  these  variations  of  dosage  procedure. 

SKIN 

Although  the  effect  of  radiations  on  the  skin  has  long  been  studied, 
the  sequence  of  the  changes  which  follow  exposure  and  the  explanation 
of  such  changes  are  not  fully  known.  The  reaction  involves  the  epithe- 
lium, the  blood  and  lymph  vessels,  connective  tissue,  and  other  struc- 
tures which  contribute  to  the  nutrition  and  support  of  the  epithelium. 
The  amount  of  reaction  to  a  definite  dose  seems  to  vary  with  the  thickness 
and  location  of  the  skin  (169).  The  epilation  dose  and  the  erythema 
dose  for  animals  are  almost  4  times  as  great  as  for  the  human  skin. 

The  histological  changes  have  been  extensively  studied  (9,  183,  276). 
Rost  (305)  describes  in  detail  the  effects  of  massive  irradiation  with 
roentgen  rays.  In  the  cutis  there  is  an  increase  in  connective  tissue  and 
endothelial  cells,  a  decrease  and  atrophy  of  elastic  fibrils,  with  shrinkage 
of  the  collagenous  fibrils.  Repair  is  slow  and  is  accompanied  by  the 
formation  of  atypical  cells.  Subsequently  pigmentation  occurs,  involving 
the  disintegration  of  pigment  cells.  The  pigment  may  be  dispersed 
into  the  surrounding  structures  and  into  lymph  channels  (223).  Sweat 
glands  and  the  muscles  of  blood  vessels  show  no  change  (154,  183,  213). 

Wolbach  (393)  has  studied  the  changes  which  occur  in  human  and 
guinea  pig  skin  after  repeated  irradiations  which  extended  over  long 
periods  of  time.  There  is  first  a  swelling  of  the  subcutaneous  collagen 
bundles,  a  reaction  which  results  in  a  greatly  thickened  corium.  Coinci- 
dent with  this  is  a  gross  shrinkage  of  the  skin  and  a  destruction  of  some 
connective  tissue  cells.  Similar  changes  in  the  walls  of  blood  vessels  lead 
to  the  ultimate  occlusion  of  the  latter.  Subsequently  the  epidermal 
cells  swell  and  show  abnormal  mitoses  (154).  The  maximum  radiation 
effect  is  on  the  superficial  layer  of  the  corium  in  which  necrosis  occurs. 
Still  later,  the  epidermis  in  the  necrotic  areas  proliferates,  while  in  the 
corium  there  is  a  formation  of  new  collagen  bundles.  In  cases  of  chronic 
roentgen  ray  dermatitis,  normal  collagen  is  replaced  by  dense,  hyaline 
collagen  rich  in  elastic  fibers  (393).  There  is  also  obliterative  thrombosis 
in  the  blood  vessels  of  the  corium  and  subcutaneous  tissues,  and  necrosis. 
Representative  proliferation  of  the  epidermis  then  follows  (25, 
57,  61). 
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Ewing  (96)  points  out  that  "the  enormous  swelhng  and  hyper- 
chromatism  of  the  epitheUal  nuclei  after  large  doses  of  radium  is  a  strictly 
specific  feature  of  cell  damage  from  irradiation  which  has  never  been 
satisfactorily  explained."  This  damage  may  cause  increased  permea- 
bility of  the  cell  membrane,  resulting  in  an  increased  ability  to  absorb 
water.  The  most  pronounced  changes  are  those  occurring  in  blood 
vessels,  "of  which  the  external  evidence  of  the  initial  hyperemia  followed 
by  induration  and  relative  anemia  bear  simple  witness.  The  initial 
hyperemia  seems  to  be  merely  a  somewhat  peculiar  inflammatory  process 
with  vasodilation,  exudation  of  serum,  leucocytes,  and,  especially  after 
roentgen  rays,  red  blood  cell  infiltration." 

Permanent  epilation  or  loss  of  hair  may  follow  massive  doses  of 
roentgen  or  gamma  rays.  Pressure  anemia  reduces  the  dosage  required 
(89,  305).  The  hair  which  grows  again  after  moderate  doses  is  often 
devoid  of  pigment  (13,  15,  249,  250).  But  when  irradiation  is  given  by 
the  fractional  method,  very  large  doses  can  be  tolerated  (342,  403).  The 
hair  of  rabbits  which  had  received  5600  r  by  the  fractional  method  grew 
again  with  no  apparent  injury.  Only  after  doses  of  9600  r  was  epilation 
permanent.  The  effects  are  the  same  whether  the  fractional  doses  are 
given  at  a  high  or  a  low  intensity. 

Skin  lesions  produced  by  Grenz  rays  having  a  wave-length  of  4  to  8  A 
are  not  unlike  those  which  follow  exposure  to  ultra-violet  and  roentgen 
radiations  (45,  108,  275,  276).  The  erythema  may  appear  within  12  to 
72  hr.  and  increase  in  severity  (313).  With  further  exposure  the  skin 
becomes  progressively  less  sensitive  and  may  fail  to  respond  even  to 
large  doses.     Pigmentation  may  last  as  long  as  10  months  (307). 

A  comparison  of  the  effects  of  very  low  voltage  roentgen  rays  with 
those  produced  by  cathode  (11,  189,  318)  or  ultra-violet  rays  shows  that 
the  latter  are  much  less  effective  than  the  more  penetrating  radiations 
(237).  The  erythema  dose  for  12-kv.  roentgen  rays  lies  between  80  and 
120  r,  but  as  the  voltage  is  decreased,  the  number  of  roentgens  required 
to  produce  this  reaction  rises,  until  at  4  kv.  it  is  1000  r  (275,  395). 
Expressed  in  terms  of  energy,  the  roentgen  ray  erythema  is  about  300 
erg/cm.-  For  cathode  rays  it  is  about  500  erg/cm. 2,  but  very  much 
larger  doses  result  in  only  a  mild  reaction  not  followed  by  pigmentation 
or  epilation.  In  comparison,  Coblentz  states  (43)  that  the  erythema  dose 
for  ultra-violet  waves  (2790  A)  is  500,000  erg/cm. 2,  and  for  2800  A  it  is 
1,500,000  erg/cm.2  Other  effects  of  cathode  rays  are  discussed  by 
Pape  (264). 

Carrie  (35)  sensitized  mice  with  hematoporphyrin  and  obtained  an 
epilation  with  less  than  the  normal  epilation  dose  of  Grenz  rays.  Not 
only  was  the  time  of  onset  shortened,  but  the  reaction  was  neither  as 
severe  nor  as  lasting  as  that  produced  by  high  doses  of  Grenz  rays  alone. 
This  effect  resembles  that  produced  by  ultra-violet  radiation  rather  than 
that  of  roentgen  radiation. 
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Ultra-violet  rays  have  so  slight  a  power  of  penetration  that  their 
effects  are  limited  to  the  skin  and  superficial  structures  (191).  Other 
effects,  such  as  chemical  changes  induced  in  the  blood,  must  come  about 
through  the  absorption  of  the  radiation  in  the  capillary  screen  imme- 
diately beneath  the  skin.  Keller  (173,  174,  175)  reviews  in  detail  the 
literature  on  the  histological  changes  in  the  skin  produced  by  these 
rays,  and  adds  some  observations  of  his  own.  The  first  change  appears 
5  hr.  after  exposure.  The  skin  is  sharply  red,  and  leucocytes  begin  to 
infiltrate  among  the  cells  of  the  papillae  and  the  superficial  layers. 
Oxydase-reaction  granules  appear  around  the  vessels  which  are  full  of 
blood.  In  30  hr.  the  reaction  is  increased.  The  nuclei  of  the  superficial 
cells,  occupying  a  zone  from  0.05  to  1.0  mm.  in  thickness  are  dimly 
stained,  while  adjacent  cells  show  a  deeply  stained  protoplasm  with  their 
nuclei  lying  in  an  unstained  area.  Degenerating  cells  and  leucocytes 
appear.  The  basal  cells  show  httle  colloid  degeneration;  the  pigment 
layer  is  somewhat  disturbed;  and  here  and  there  the  cutis  is  separated 
from  the  epidermis.  The  blood  vessels  are  still  dilated  and  the  oxydase 
reaction  well  marked. 

During  the  next  few  days  the  general  reaction  subsides.  But  the 
greatest  amount  of  swelling  of  connective-tissue  cells  occurs  on  the  third 
day  after  exposure.  The  epithelium  becomes  much  reduced  in  thickness, 
and  is  divided  into  two  layers,  the  outer  being  deeply  stained  and  the 
inner  composed  of  a  normal  layer  in  which  no  signs  of  degeneration  can 
be  seen.  The  blood  vessels  and  connective-tissue  cells  gradually  assume 
their  normal  state.  At  no  time  do  the  sweat  glands  and  hair  papillae 
show  any  reaction.  For  a  detailed  account  of  these  phenomena  and 
for  a  discussion  of  the  general  reaction  of  the  body  to  ultra-violet  rays, 
the  original  paper  should  be  consulted. 

Sensitivity  to  ultra-violet  rays  depends  on  the  color  of  the  skin  and 
hair,  on  the  age  of  the  individual,  and  on  the  time  of  the  year  when 
exposure  occurs.  During  menstruation  and  pregnancy  it  is  increased 
(21,  22,  43,  91,  92).  The  intensity  of  the  reaction  to  ultra-violet  radia- 
tion is  apparently  only  a  question  of  dosage,  for  with  high  dosage  the 
deeper  structures  are  damaged,  even  the  endotheUal  cells,  capillary 
loops,  and  fibroblasts.  Degeneration  and  ulceration  may  be  carried 
to  extremes  by  increased  dosage  (306). 

The  pigmentation  which  develops  after  exposure  serves  as  a  screen 
by  absorbing  ultra-violet  energy  and  preventing  its  further  penetration 
(9,  10,  132,  191,  232,  233,  358,  397). 

Many  workers  believe  that  the  chemical  content  of  the  skin  is  not 
only  changed  by  the  irradiation  but  also  is  apt  to  influence  the  result 
(116).  Adler  (3,  4,  5)  thought  there  was  a  fall  in  the  Ca  and  K  content 
with  increasing  doses  of  roentgen  rays.  Uhlmann  (359)  thinks  that  the 
acid-base  shift  in  the  blood  has  an  important  influence  on  epilation  by 
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roentgen  radiation  because  with  a  low  alkali  reserve  epilation  may  be 
produced  by  a  dose  of  300  r,  while  with  a  normal  reserve,  600  r  must  be 
given  to  produce  the  same  effect.  He  thinks  that  shorter  wave-lengths 
require  higher  dosages  to  elicit  the  same  amount  of  reaction. 

When  radiations  are  combined  with  other  injurious  agents,  the  effect 
on  the  skin  is  a  summation  of  the  effects  of  each  agent  acting  alone. 
Hawkins  (141)  exposed  the  skin  of  a  guinea  pig  to  30-kv.  roentgen  rays, 
without  filter,  and  to  heat  (46°C).  The  only  reaction  produced  by  these 
agents  acting  alone  was  a  swelling  of  the  tissues;  a  combination  of  the 
two,  however,  induced  a  well-marked  and  persistent  damage.  The 
results  were  the  same  regardless  of  the  sequence  in  which  the  agents 
were  applied. 

So  also  when  roentgen  rays  are  combined  with  ultra-violet  radiation 
the  result  is  an  intensification  of  the  dermatitis  caused  by  the  former  (259). 
This  experiment  was  performed  in  the  hope  that  the  ultra-violet  might 
have  an  ameliorating  effect  following  accidental  overdosage  with  roentgen 
rays.  There  appears  to  be  no  antagonistic  or  reversal  effect  in  the  com- 
bination of  ultra-violet  and  infra-red  rays  (47). 

The  epilation  dose  has  been  proposed  by  many  observers  as  a  biological 
unit  of  measurement,  but  the  reviewer  believes  that  it  is  unsatisfactory 
because  of  the  variability  in  response  among  different  animals  in  a  group, 
and  because  the  degree  of  epilation  is  difficult  to  determine.  The 
epilation  dose  for  rabbits  has  been  estimated  to  be  1000  r  (302),  2000  r 
(124),  while  Warren  has  found  that  the  erythema  stage  of  Miescher's 
classification  of  epilation  stages  (228,  231)  is  produced  by  2000  to  2400  r. 
Perhaps  a  more  careful  study  with  definite  quantities  of  radiation  may 
serve  to  remove  this  uncertainty  in  dosage. 

The  effect  of  roentgen  and  gamma  rays  on  the  reparative  processes 
which  follow  simple  incision  has  been  investigated.  Takahashi  (347) 
iound  that  young  capillaries  and  fibroblasts  are  very  sensitive,  their 
growth  being  stopped  by  a  5-min.  exposure  to  beta  and  gamma  rays 
from  15  mg.  of  radium  (0.2-mm.  Ag  filter).  A  30-min.  dose  so  injures 
the  tissues  that  regeneration  is  induced  from  nearby  structures.  He 
found  no  evidence  of  stimulation.  It  should  be  emphasized  that  the 
proliferation  following  large  doses  is  a  regenerative  process  and  not 
the  result  of  stimulation.  Pohle,  Ritchie,  and  Wright  (278)  exposed  the 
skin  of  rats  before  and  after  incision  to  doses  of  1000  r,  using  wave-lengths 
of  0.34  and  0.18  A.  This  treatment  had  no  effect  on  the  healing  process 
unless  it  was  given  less  than  two  days  after  incision,  in  which  case  it 
retarded  healing.  But  Fukase  (109,  110)  states  that  doses  of  400  r  on  the 
incised  skin  of  rabbits  favor  the  reparative  process. 

Some  careful  work  which  takes  into  consideration  the  dosage-time 
relations  between  irradiation,  injury  (incision),  the  lethal  dosages  for 
the  cells  concerned  with  the  repair  process,  etc.,  might  give  interesting 
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information  concerning  the  fundamental  changes  in  tissues  following 
irradiation.  The  effects  of  radiations  other  than  roentgen  and  gamma 
rays  could  be  studied  to  advantage  by  this  procedure. 

BLOOD  VESSELS  AND  THE  RETICULO -ENDOTHELIAL  SYSTEM 

It  has  already  been  mentioned  that  the  erythema  is  a  result  of  changes 
produced  by  radiations  in  the  capillaries  of  the  skin.  The  endothelium 
is  damaged,  as  shown  by  a  change  in  the  permeability  of  the  cells,  and  the 
contractile  power  of  the  capillary  muscles  is  altered  (248,  284,  336). 
Very  little  is  known  about  the  type  of  injury  which  may  be  produced, 
aside  from  evidence  obtained  with  the  capillary  microscope  and  from 
cUnical  observations.  David  and  Gabriel  (58,  60)  first  observed  the 
reaction  of  the  blood  vessels  of  the  skin  to  roentgen  rays  of  various  wave- 
lengths by  means  of  this  microscope.  They  found  that  long  waves 
produce  a  more  vigorous  reaction  than  short  waves,  a  conclusion  open 
to  some  doubt  because  of  their  uncertain  dosage.  The  reaction  appears 
first  and  is  most  striking  in  the  superficial  layers,  and  the  capillary 
network  stands  out  in  a  strongly  reddened  background.  With  the 
shorter  wave-lengths  the  damage  appears  later  and  later.  Dilation 
of  the  capillaries  is  the  most  characteristic  change.  Some  observers, 
however,  have  reported  an  initial  constriction  (192).  These  observations 
should  be  repeated  with  calibrated  wave-lengths  and  accurately  meas- 
ured doses.  The  tonus  of  the  capillaries  may  be  altered  in  other  organs 
(111).  Turano  (355)  points  out  that  the  damage  occurs  before  histo- 
logical changes  can  be  seen.  He  believes  that  the  capillaries  in  patients 
with  vasodilation,  due  to  disease  or  imbalance,  are  more  sensitive  to  both 
ultra-violet  and  roentgen  rays  than  are  normal  vessels.  The  dilation 
may  continue  for  as  long  as  two  months  (192).  The  endothelial  cells 
show  granules  with  vital  stains  after  irradiation  (288). 

Histological  studies  of  blood  vessels  in  fixed  tissues  show  only  late 
changes  (184,  282,  284,  309).  The  more  acute  changes  are  probably 
in  the  realm  of  functional  response  to  local  damage  of  the  endothelium 
or  to  the  mechanism  controlling  the  size  of  the  capillary  itself.  That  is,  it 
may  be  either  direct  or  indirect.  Zwerg  (403,  404)  found  no  change  in 
the  blood  vessels  or  in  the  muscles  with  doses  as  high  as  5600  to  9600  r, 
given  by  the  fractional  method. 

The  effects  of  both  ultra-violet  and  roentgen  radiations  on  the  reticulo- 
histiocytic  system  have  been  studied  by  Castellino  (40)  who  observed 
that  in  guinea  pigs,  vitally  stained  with  trypan  blue,  the  number  of 
histiocytes  was  increased.  The  cells  were  full  of  granules.  Occasional 
Langhans  cells  and  some  fibroblasts  stained  blue.  Similar  observations 
have  been  made  on  mice  and  rats  (244,  288).  These  reactions  he  con- 
sidered to  be  evidence  of  a  stimulation  of  this  system.  Phagocytosis 
may  be  increased  by  moderate  dosages  of  roentgen  rays  (18,  286). 
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Connective-tissue  cells  and  the  endothelial  cells  are  very  resistant  to 
in  vitro  autolysis  after  irradiation  in  vivo  (372).  This  fact  might  suggest 
that  severe  damage  to  the  endothelial  cells  is  not  a  primary  factor  in  the 
capillary  dilation  which  develops  in  the  skin  during  the  production  of  an 
erythema,  but  rather  that  some  other  mechanism  is  responsible  for  the 
fluctuation  in  the  size  of  the  capillaries.  An  investigation  of  this  problem 
would  be  well  worth  undertaking  because  it  may  not  only  lead  to  further 
information  about  the  function  of  the  capillary  control  mechanism  but 
would  also  establish  more  definitely  the  changes  brought  about  in  the 
capillary  by  radiation. 

Miescher  (227,  229,  235,  238)  has  described  in  detail  the  color  changes 
in  the  human  skin  after  roentgen  radiation  of  various  wave-lengths. 
His  doses  are  uncertain  but  the  quantities  are  comparable  with  each 
other,  in  minimal  and  maximal  ratios  of  1:6  and  1:8.  He  lists  seven 
stages;  (a)  sUght  reddening,  (5)  weak  reddening,  (c)  strong  reddening, 
(d)  very  strong  reddening  with  a  slight  cyanotic  overcast,  (e)  reddening 
and  swelling  of  the  whole  field,  (/)  reddening  with  vesicle  formation  and 
desquamation,  and  {g)  ulceration.  In  addition,  he  determined  a  pig- 
mentation scale.  The  pigmentation  was  distinguished  from  the  redness 
by  observing  the  skin  under  compression  through  a  glass  plate,  and  was 
divided  into  4  degrees  from  "slight"  to  "very  strong." 

He  found  three  waves  of  reaction  in  the  skin,  the  "time"  border  of 
which  for  the  first  wave  lay  between  the  first  and  fourth  day,  for  the 
second  wave,  between  the  eighth  and  the  twenty-second  day,  and  for 
the  third,  between  the  thirty-fourth  and  the  fifty-first  day.  The  greatest 
intensity  occurred  during  the  third  wave.  In  some  instances  no  isolated 
third  wave  was  observed,  while  in  a  few  cases  a  fourth  wave  appeared. 
The  latent  periods  between  the  individual  waves  are  not  related  to  the 
dose  but  seem  to  be  influenced  by  individual  factors.  In  the  same 
individual  the  rhythm  of  the  curve  of  redness  is  the  same  for  both  large 
and  small  doses. 

In  the  course  of  the  erythema  reaction  the  timing  of  the  pigmentation 
curve  showed  considerable  variation  from  the  waves  of  reddening,  but 
in  general  each  wave  of  redness  was  followed  by  one  of  pigmentation. 
Sometimes  there  were  more  of  the  latter  than  of  the  former  (198).  It 
has  been  thought  that  the  blond  skin  is  more  sensitive  than  the  brunette, 
but  probably  it  is  not.  A  mild  erythema  is  more  readily  visible  in  a  pale 
skin.  The  child  skin,  in  general,  shows  the  same  fluctuations  as  the 
adult  skin  (224,  303). 

SchaU  (319)  found  a  sharp  reaction  of  redness  from  4  to  8  hr.  after 
roentgen  radiation.  This  immediate  response  lasts  for  24  hr.  or  more. 
The  erythema  is  maintained  at  a  high  level  for  the  whole  period  of  75 
days,  but  there  are  two  major  waves  centering  around  the  thirty-fifth 
and  the  sixtieth  days,  as  Miescher  found.     The  pigment  begins  about 
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the  twelfth  day  and  has  its  maximum  varying  from  the  fortieth  to  the 
seventieth  day.  Twenty  per  cent  variations  in  the  dose  caused  no 
appreciable  change  in  the  degree  of  reaction. 

The  capillaries  of  the  skin  do  not  completely  return  to  normal  after 
one  roentgen  ray  erythema  dose  (273).  The  microscopic  and  macro- 
scopic changes  appear  in  cycles,  without,  however,  a  sharp  interval 
between  the  consecutive  periods.  One  "medium  erythema  dose"  of 
ultra-violet  rays  produces  capillary  changes  similar  to  those  induced  by 
unfiltered  roentgen  rays,  but  they  last  for  a  shorter  time  and  are  followed 
by  complete  recovery.  The  increased  redness  characteristic  of  the 
erythema  is  due  to  the  increased  quantity  of  blood  in  the  peripheral 
vessels  (135).  According  to  David  and  Gabriel  (60)  not  only  the  size 
but  also  the  number  of  capillary  loops  may  be  increased. 

Grenz  rays,  excited  at  4  to  12  kv.,  produce  in  general  the  same  reac- 
tions as  do  higher  voltage  roentgen  rays  (303).  In  the  rabbit  ear,  follow- 
ing exposure,  there  is  a  dilation  of  the  vessels,  epilation,  ulceration,  and 
crust  formation.  The  reaction  is  dependent  on  the  intensity  of  the 
radiation  and  on  the  length  of  exposure  (112,  113).  In  the  human  skin, 
reddening  appears  early  and  continues  at  its  height  for  five  days  (306). 
It  then  gradually  subsides  during  the  next  three  months  during  which 
time  pigmentation  develops.  The  histological  changes  are  not  unlike 
those  -produced  by  roentgen  rays.  Cell  destruction,  swelling  of  the 
endothelium,  infiltration  of  lymphocytes  and  leucocytes  occur. 

The  erythema  produced  by  ultra-violet  irradiation  may  vary  in 
intensity  as  much  as  100  per  cent  in  the  same  individual,  depending  on 
the  region  which  is  exposed,  and  between  different  individuals  (272,  273, 
341,  398).  Schall  and  Alius  (320,  321,  322)  using  an  "erythema  meter" 
found  that  the  reaction  develops  in  a  wave  which  has  its  maximum  6  to 
10  hr.  after  exposure.  The  latent  period  before  the  onset  of  the  erythema 
is  usually  from  1  to  2.5  hr.  but  may  be  more.  These  authors  present 
curves  illustrating  the  several  types  of  reaction,  detailed  description  of 
which  is  given. 

Motojima  (239)  has  compared  the  effects  of  ultra-violet  rays,  roent- 
gen, and  gamma  rays  on  the  capillaries  of  the  frog's  tongue.  In  each 
case  dilation  of  the  vessels  occurred,  a  slowing  of  the  blood  stream  with 
stasis  and  diapedesis,  and  edema.  These  responses  were  most  severe 
following  ultra-violet  radiation,  and  recovery  was  most  rapid.  Beta 
rays  produced  a  rapid  reaction  which  remained  longer  than  that  follow- 
ing exposure  to  gamma  rays.  Roentgen  rays  produced  the  least  response. 
The  impossibihty  of  measuring  equal  doses  of  these  three  types  of  radi- 
ation prevents  strict  comparisons  between  the  degree  of  effect  produced. 
The  erythema  following  exposure  to  radium  radiation  (294)  has  a  stronger 
color  and  is  darker  than  that  produced  by  roentgen  rays  (296).  Further- 
more, the  height  of  the  redness  is  later,  pigmentation  is  greater,  and  the 


484  BIOLOGICAL  EFFECTS  OF  RADIATION 

whole  reaction  lasts  longer.  The  gamma-ray  erythema  has  been  studied 
by  Reisner  (294,  297)  who  reviews  the  literature  on  this  subject.  He 
finds  that  the  doses  previously  given  have  been  about  40  per  cent  too 
high.  Instead  of  560  mg.  el  hr.  at  1  cm.  he  believes  that  310  to  330  mg. 
el  hr.  (0.2  mm.  Pt  and  1.7  mm.  brass  filter)  are  adequate  to  produce 
effects  comparable  to  those  which  follow  roentgen  radiation.  Braun, 
however  (29),  finds  no  difference  between  the  two  when  both  are  given 
by  the  massive-dose  method. 

The  sequence  of  events  following  exposure  of  mouse  tails  to  gamma 
rays  is  essentially  that  found  in  the  human  skin,  that  is,  erythema, 
various  degrees  of  epilation,  desquamation,  and  ulceration  (13).  The 
constriction,  dry  gangrene,  and  amputation  of  the  tails  were  due  to  blood- 
vessel thrombosis  which  is  a  late  stage  of  severe  injury. 

CONNECTIVE  TISSUE 

The  reactions  of  connective  tissue  to  radiations  have  been  mentioned 
in  the  preceding  sections  (96,  369,  393).  The  behavior  of  individual 
cells  after  exposure  is  best  seen  in  tissue  culture  preparations  (34,  52). 
The  latent  period  which  occurs  between  the  exposure  and  the  first  appear- 
ance of  injury  has  been  studied  by  Fischer  (102,  103)  who  used  fibro- 
blasts and  osteoblasts  from  the  embryo  chick.  He  believes  that  the 
length  of  this  period  is  not  dependent  on  the  rate  at  which  the  cells  are 
dividing,  and  that  it  cannot  be  increased  or  diminished  except  to  a  small 
degree.  Contrary  to  the  usual  opinion,  he  holds  that  the  absolute  effect 
of  radiation  is  the  same  whether  cells  are  dividing  rapidly  or  slowly  (102). 
When  very  lightly  irradiated  cells  are  exposed  to  abnormal  conditions, 
such  as  high  or  low  temperatures  or  poisons,  which  in  themselves  are  not 
injurious,  the  effect  of  the  radiation  is  increased.  This  may  be  simply 
an  evidence  of  summation. 

The  connective-tissue  cells  and  the  endothelium,  together  with  the 
blood-vessel-muscle  cells  which  are  relatively  resistant  to  radiation 
(163,  290)  and  the  nerve  endings  and  plexus  in  the  capillary  wall  (whose 
sensitivity  is  unknown)  may  all  be  involved  in  any  changes  brought 
about  in  the  various  organs  as  well  as  in  the  skin  by  radiation.  The 
extent  to  which  these  tissues  are  involved  is  largely  dependent  upon  the 
dosage  administered  to  the  organ.  The  more  resistant  organs  may  show 
injury  only  to  the  blood  vessels  while  in  other  organs  whose  cells  are  more 
sensitive,  the  capillaries  play  little  part  in  the  evident  damage.  This 
indicates  the  great  sensitivity  of  the  cells  in  such  organs. 

DOSAGE  WAVE-LENGTH  AND  SKIN 

The  relative  effectiveness  of  different  wave-lengths  of  radiation  in 

producing  the  erythema  reaction  has  been  the  subject  of  much  research 

in  recent  years.     The  amount  of  energy  required  to  bring  about  this 

response  by  means  of  heat  is  far  greater  than  it  is  for  ultra-violet,  while 
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the  latter  amount  is  greater  than  that  needed  to  produce  a  roentgen-ray 
erythema.  Whether  equal  doses  of  roentgen  rays,  gamma  rays,  and 
cathode  rays  are  equally  effective,  is  still  debatable  and  must  remain  so 
until  the  intensity  of  these  radiations  can  be  measured  in  equivalent  units. 
Stahel  (339)  compared  the  activity  of  roentgen  and  gamma  rays  on  the 
basis  of  erg/cm.^  absorbed,  and  found  that  while  the  roentgen-ray  ery- 
thema dose  (600  r)  is  equal  to  96,000  erg/cm.-,  the  gamma-ray  dose  may 
rise  as  high  as  8,000,000  erg/cm.-  Such  estimates  are  very  questionable. 
Although  roentgen  rays  can  now  be  measured  accurately  in  terms  of 
roentgens,  the  question  is  not  yet  settled  whether  all  wave-lengths  are 
equally  effective  (75,  76).  Many  observers  (14,  15,  42,  77,  122,  151, 
153,  199,  252,  270)  believe  that  when  the  areas  exposed  are  equal,  as  well 
as  the  intensities  of  the  beams,  and  the  doses,  measured  in  roentgens, 
the  erythema  reaction  is  the  same  for  all  ordinary  wave-lengths.  Others, 
however,  maintain  that  the  soft  rays  act  more  vigorously  (7,  97,  106,  118, 
121,  225,  226,  311,  327).  A  summary  of  some  of  the  opinions  on  this 
point  is  given  in  the  table.  Glocker  (123)  and  Pohle  (281)  present  evi- 
dence to  show  that  when  a  full  erythema  dose  of  700  r  is  given,  the  skin 
reaction  is  the  same  for  all  qualities  of  roentgen  rays  within  the  region 
which  they  explored.  But  softer  rays  appear  to  be  more  effective  w'hen 
given  in  small  doses.  Reisner  and  Neef  (297)  have  made  a  careful  study 
of  this  problem,  using  accurately  measured  doses.  They  conclude  that 
when  the  area  exposed  is  small  (4  cm.^),  the  reaction  to  equal  doses  of 

o 

roentgen  radiation  having  wave-lengths  from  0.14  to  0.26  A  are  equal. 
Softer  rays  are  more  effective.  With  a  larger  area  (50  cm.-)  the  range 
of  wave-lengths  within  which  an  equality  of  effect  occurs  is  somewhat 
greater. 

Still  another  view  is  that  the  effectiveness  steadily  increases  with 
increasing  wave-length  from  a  minimum  to  about  0.45  A  (311).  From 
this  point  onward  it  decreases  (118,  327).  According  to  Meyer  and 
Glasser  (225)  the  number  of  roentgens  required  to  produce  an  erythema 
by  means  of  different  roentgen  ray  wave-lengths,  divided  by  the  half- 
value  layer  in  water  of  those  beams,  is  practically  a  constant. 

In  recent  years  the  method  of  dividing  the  total  dose  into  fractions 
which  are  given  at  frequent  intervals  over  a  period  of  days  or  weeks  has 
been  widely  used  (cf.  242).  Reisner  (295)  compared  the  effect  of  such 
doses  with  that  of  a  single  massive  dose.  The  latter,  a  "tolerance  dose" 
was  1100  r  on  a  field  2  by  2  cm.  Using  this  as  a  standard,  he  found  that 
equal  skin  reactions  could  be  obtained  by  giving  27  daily  exposures,  each 
of  10  per  cent  (llOr);  or  7  exposures  of  30  per  cent  each.  For  a  full  dis- 
cussion of  the  effects  of  these  and  other  arrangements  of  divided  doses 
the  original  paper  should  be  consulted.  In  each  case,  when  doses  are 
small  and  are  given  over  an  extended  period,  the  tolerance  dose,  meas- 
ured in  roentgens,  is  greatly  increased. 
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Coutard  (50,  51)  has  found  that  either  protracted  or  simple  frac- 
tional irradiation  with  a  total  dose  of  4500  to  5000  r  is  followed  by  severe 
damage  to  the  skin  and  mucous  membranes  which  heal,  however,  and 
remain  intact  for  at  least  6  to  7  years.  The  treatment  is  given  in  two 
daily  sessions  of  1  hr.  each  (225  to  250  r,  the  intensity  being  7.5  to  20.0  r 
per  min.)  for  10  days.  There  is  redness  of  the  skin  with  edema  by  the 
end  of  this  time,  and  desquamation  begins,  so  that  by  the  twenty-eighth 
day  there  is  a  total  loss  of  the  superficial  epithelial  cells  with  a  denudation 
of  the  epidermis,  accompanied  by  pain.  The  lesion  is  usually  repaired 
by  the  forty-second  day  "without  any  visible  trace"  of  injury.  With 
greater  doses  the  period  of  reaction  is  longer;  with  smaller  doses,  the  pain 
is  less. 

By  appropriate  spacing  of  the  exposures,  the  time  of  the  reaction  in 
the  mucous  membranes  of  the  mouth  and  throat  can  be  separated  from 
that  of  the  skin.  Mucositis  occurs  between  the  fourteenth  and  the 
twenty-eighth  days,  and  is  practically  asymptomatic.  Radio-epi- 
dermitis  develops  between  the  twenty-eighth  and  the  forty-second  day. 
This  very  interesting  and  puzzling  sequence  occurs  if  the  radiation  is 
given  over  a  period  of  14  days.  The  difference  is  probably  due  to  the 
smaller  dose  received  by  the  mucosa  in  contrast  to  that  supplied  to  the 
skin.  If  the  period  is  prolonged  to  18  days  with  proportionately  smaller 
daily  doses,  the  damage  to  the  skin  is  less  and  the  skin  heals  sooner. 
Lesions  produced  by  this  method  are  considerably  greater  than  those 
which  follow  a  massive  dose,  but  they  heal  with  little  damage,  leaving 
the  skin  thin  and  flexible  and  usually  free  of  pigment  (61,  241,  324,  392). 
But  telangectasis  and  permanent  edema  may  ensue  (150).  For  a 
further  discussion  of  this  topic  see  Zuppinger  (402).  Holf elder  (157)  by 
giving  50  to  60  per  cent  of  an  erythema  dose  every  2  to  5  days  over  a 
period  of  2  to  6  weeks,  was  able  to  administer  a  total  of  1600  to  2400  r.  In 
his  procedure,  the  dosage  in  successive  treatments  is  gradually  decreased, 
while  the  intervals  are  increasingly  prolonged. 

McNattin  (221)  used  the  Coutard  method  of  treatment  with  200-kv. 
radiation  and  compared  the  effects  with  those  obtained  with  700  kv. 
administered  by  the  fractional  method,  and  with  the  radium  pack.  He 
believes  that  as  a  first  approximation  the  following  doses  may  be  thera- 
peutically equal  if  fractionated  over  a  period  of  3  weeks  or  longer :  (a)  for 
200-kv.  roentgen  rays,  6  threshold  erythema  doses,  (6)  for  700-kv. 
roentgen  rays,  4.7  erythema  doses,  (c)  for  gamma  rays,  1.6  to  2.2  erythema 
doses.  The  threshold  erythema  dose  is  600  r  for  200-kv.  radiation 
(massive  dose)  filtered  by  0.5  mm.  Cu  and  3.0  mm.  Al  and  includes 
back-scattering.  The  skin  reaction  with  the  above  large  (tolerance) 
doses  is  very  marked  with  the  200-kv.  radiation  and  with  gamma  rays, 
and  less  severe  with  the  700-kv.  rays.  On  the  other  hand,  after  the  skin 
has  healed,  the  mildest  changes  are  found  after  the  gamma-ray  treat- 
ment (66,  144,  149,  194,  311). 
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Pf abler  (266),  using  the  theoretical  concept  of  Kingery  (176),  has 
undertaken  to  use  the  saturation  method,  which  consists  in  applying  an 
erythema  dose  at  high  intensity  within  a  short  time  in  one  sitting,  and 
then  maintaining  this  effect  over  a  period  of  time  by  means  of  "additional 
smaller  doses  to  correspond  with  the  loss  in  effect  during  any  given 
period."  The  rate  of  loss  is  represented  by  a  logarithmic  curve.  Accord- 
ing to  Stenstrom  and  Mattick  (342),  50  per  cent  of  the  initial  dose  can 
be  added  on  the  ninth  day  after  a  full  erythema  dose.  But  there  is 
some  evidence  that  the  interval  depends  on  the  wave-length  of  the  radi- 
ation employed  (268).  These  additional  doses  cannot  be  given  indefi- 
nitely, but  within  certain  limits  the  method  gives  increased  destructive 
effects  on  tumors.  Reisner  (293)  is  of  the  opinion  that  this  method  of 
dosage  is  not  so  effective  as  Coutard's. 

The  total  amount  of  radiation  which  cells  and  tissues  can  tolerate 
is  very  great.  Chick  embryo  fibroblasts,  exposed  in  vitro,  will  survive 
doses  of  6000  to  7000  r  (163),  while  massive  doses  of  1200  to  1600  r  upon 
small  areas  (4  to  25  cm.-)  of  the  human  skin  do  not  permanently  injure 
the  tissues  (24,  231). 

Pack  and  Quimby  (258)  believe,  from  their  study  of  the  skin  erythema 
produced  by  different  intensities,  that  a  greater  amount  of  roentgen  radi- 
ation is  required  if  the  exposure  is  long.  They  point  out,  however,  that 
there  must  be  a  differential  recovery  of  cells  after  the  exposure  to  radi- 
ation. A  large  number  of  experiments  tend  to  support  the  theory  that 
normal  cells  recover  much  more  quickly  than  do  neoplastic  cells.  In  a 
review  of  the  literature  the  authors  find  that  there  is  a  lack  of  agreement 
regarding  the  influence  of  the  intensity  of  the  beam  on  the  effect  pro- 
duced. Some  investigators  found  that  the  reaction  to  a  definite  dose  is 
the  same  regardless  of  the  intensity,  while  others  believe  that  low  inten- 
sities are  more  effective.  The  majority  claim  that  the  reverse  is  true, 
namely,  that  high  intensities  act  most  vigorously.  Pack  and  Quimby 
emphasize  the  work  of  Regaud  (291)  who  showed  that  greater  differ- 
ential effects  could  be  obtained  on  tumor  cells  than  on  normal  tissues 
with  low  intensity  radiation.  In  their  experiments  on  the  production  of 
the  erythema  on  the  human  skin  they  found  that  "if  all  the  times  used  in 
such  an  experiment  are  short  in  comparison  with  the  duration  of  the 
life  span  of  the  cell  in  question,  no  difference  will  be  observed  with  differ- 
ent intensities.  If,  on  the  other  hand,  the  duration  of  exposure  to  radi- 
ation of  low  intensity  is  comparable  to  the  life  span  of  the  cell, 
a  different  result  may  be  expected,  namely,  that  a  greater  effect  is 
produced  on  the  skin  by  a  stronger  source  acting  for  a  short  time  than  by 
a  weak  source  used  for  a  correspondingly  long  time."     (See  159,  161.) 

Holthusen  (160)  finds  that  the  effectiveness  of  roentgen  radiations 
depends  not  on  their  wave-length  but  on  the  intensity  of  the  beam. 
Five  hundred  roentgens  delivered  at  the  rate  of  500  r  per  min.  produce  the 


ORGAN  AND  BODY  SYSTEMS  489 

same  effect  as  1000  r  delivered  at  the  rate  of  15  r  per  min.  Equivalent 
amounts  of  radium  or  roentgen  radiations  have  equivalent  effects  on  the 
skin,  if  the  intensities  of  both  are  the  same.  This  conclusion  is  in  agree- 
ment with  that  of  Quimby  and  Pack  (286),  although  other  work  (97,  287) 
seems  to  indicate  that  there  may  be  some  difference  in  the  effectiveness 
of  different  wave-lengths.  Holthusen's  suggestion,  that  radium  may 
produce  a  stronger  reaction  in  the  second  wave,  may  be  but  a  variation 
which  has  been  pointed  out  by  Miescher  (227)  of  identical  doses,  or  it 
may  explain  why  it  is  possible  to  give  a  slightly  greater  total  dosage  of 
roentgen-ray  and  gamma  radiation  combined  than  of  either  alone  (286). 

Experiments  to  test  this  latter  point  indicate  that  when  roentgen 
rays,  gamma  rays,  or  ultra-violet,  in  various  combinations,  are  used 
to  produce  an  erythema,  about  one-third  more  radiation  must  be  admin- 
istered than  when  any  one  of  these  agents  is  used  alone.  This  appears 
to  be  true  for  combinations  of  gamma  rays  and  hard  beta  rays,  gamma 
rays  and  hard  roentgen  rays.  With  equal  parts  of  ultra-violet  and  soft 
roentgen  rays,  the  erythema  is  not  produced  even  after  a  50-per-cent 
increase  in  the  dose  (108,  280,  285,  287). 

The  intensity  of  radiation,  which  is  an  important  factor  in  determin- 
ing the  amount  of  reaction  of  the  skin  to  equal  doses,  seems  to  play  no 
part  in  the  response  of  some  other  tissues  (14,  15).  Mouse  tails  exposed 
to  equal  doses  of  widely  different  intensities  of  beta  and  gamma  rays 
respond  equally.  Bagg  and  Halter  (15)  have  used  this  method  to  com- 
pare the  relative  effectiveness  of  roentgen  and  gamma  rays.  When  very 
small  areas  are  exposed,  the  effect  of  400  mc.  hr.  is  the  same  as  that  of 
2350  r.  The  filtration  of  the  radon  was  by  2  mm.  brass  and  3  mm.  bakelite. 
Experiments  with  the  rabbit's  ear  showed  that  for  a  larger  area  (28  cm. 2) 
the  emission  from  1  gm.  of  radium  at  1  cm.  distance  is  approximately 
equivalent  to  100  r  per  min. 

Failla  (97)  in  reviewing  the  effects  of  various  wave-lengths  produced 
by  200  and  700-kv.  roentgen  rays,  and  gamma  rays,  believes  that  there 
is  a  true  differential  action  of  radiation  for  human  skin  as  compared  to 
other  test  objects,  and  that  700-kv,  radiation  is  intermediate  in  its  effects 
between  the  200-kv.  radiation  and  gamma  rays. 

Grenz  rays  are  absorbed  almost  completely  (88  per  cent  Ijy  3  mm.  of 
human  skin)  in  the  surface,  while  roentgen  and  gamma  radiation  are 
mostly  transmitted  by  the  skin  (31).  While  measurements  of  quantity 
are  not  yet  established,  it  is  thought  that  250  r  produces  an  immediate 
mild  erythema  (119,  295).  Reisner  (295)  found  that  doubling  the  dose 
(4-cm.^  field)  gave  increasingly  severe  reactions  up  to  4800  r.  The 
reaction  from  2400  r  of  Grenz  rays  was  equivalent  to  that  produced  by 
1000  r  of  200-kv.  roentgen  rays. 

It  is  the  reviewer's  opinion  that  clinical  experience  and  animal  experi- 
ments seem  to  bear  out  the  fact  that  there  is  some  difference  in  effect 
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between  the  various  wave-lengths  of  roentgen  and  gamma  rays,  and  that 
it  may  be  possible  to  bring  out  this  differential  effect  by  the  fractionated 
method  of  dosage.  One  difficulty  lies  in  the  method  of  measuring  the 
dosage  of  the  various  wave-lengths  over  the  whole  range  of  the  electro- 
magnetic spectrum  so  that  equivalent  amounts  of  energy  may  be  used. 
Individual  variation  in  the  response  of  the  animal  or  human  skin  is  also 
important,  often  as  much  as  20  per  cent  (88). 

The  effects  produced  by  the  ultra-violet,  visible,  and  infra-red  radi- 
ations depend  upon  the  character  of  the  substances  making  up  the  skin, 
i.e.,  some  of  the  radiation  is  reflected  (363)  and  some  is  absorbed  (44)  by 
the  stratum  corneum  and  pigments  (142,  202,  343),  the  capillary  bed 
(363),  and  tissue  proteins  (76,  391). 

Bachem,  in  1927  (9,  10),  in  a  very  extensive  study  of  the  transmissi- 
bility  of  the  skin,  has  found  that  the  stratum  corneum  transmits  best  in 
the  middle  of  the  ultra-violet  spectrum  with  a  secondary  maximum  near 
2500  A,  for  the  malphigian  layer  has  an  absorption  maximum  at  the 
border  between  the  visible  and  the  ultra-violet,  so  that  the  corneum 
absorbs  both  the  shortest  and  the  longest  infra-red  radiations  and  trans- 
mits the  long  ultra-violet  rays  and  the  near  infra-red  rays.  The  sub- 
cutaneous tissue  receives  only  long  wave-lengths  (down  to  depths  of  2  to 
3  cm.)  centering  about  6000  A,  (9,  10,  53)  while  red  light  penetrates  quite 
well  through  fingers,  ears,  cheeks,  sinuses  (frontal).  In  the  infra-red 
transmission  rises  around  10,000  A  and  falls  around  14,000  A,  The 
development  of  pigment  or  an  erythema  or  ischemia  retards  the  transmis- 
sion of  the  ultra-violet  radiation  (87,  152,  202,  340),  but  in  general  the 
reaction  is  proportional  to  dosage  and  large  doses  of  all  but  the  visible 
cause  destructive  effects  similar  to  that  produced  by  roentgen  rays 
(173,  174).  The  skin  temperature  may  rise  (even  with  visible  radiation) 
owing  to  the  reflex  dilation  of  the  skin  capillaries  (53,  142,  175,  328,  330). 
The  reaction  is  magnified,  where  the  source  is  sunlight  or  a  carbon  arc, 
by  the  deeper  effects  of  the  more  penetrating  short  infra-red  and  red 
radiation,  which  cause  dilation  of  the  larger  vessels  beneath  the  skin. 
This  brings  about  an  erythema  (when  mild  doses  are  used)  beyond  the 
area  irradiated  (142)  which  is  of  longer  duration  that  that  due  to  the 
longer  infra-red  and  ultra-violet  radiation  absorbed  in  the  skin  proper. 

Dosage  and  the  absorption  spectrum  of  tissues  are  thus  both  important 
in  these  effects.  Human  skin  has  erythema  maxima  at  2500,  2800,  and 
3000  A  (133,  139),  and  at  3030  A  (357,  358),  and  reflects  very  little  of  the 
wave-lengths  between  3000  and  4000  A.  Pigment  development  occurs 
strongest  at  2480  and  2540  A,  less  at  2970  and  3030  A  (330),  but  the 
matter  of  equal  dosage  for  such  experiments  has  not  been  verified,  for 
either  erythema  or  pigment  production. 

In  general,  the  physical  character  of  the  absorbing  surface  or  tissue 
(skin)   determines  the  effectiveness  of  individual  wave-lengths  of  the 
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longer  end  of  the  electromagnetic  spectrum  but  has  little  effect  probably 
when  the  shorter  (beyond  1  A)  wave-lengths  are  used.  The  dosage  is 
the  product  of  time  and  intensity.  The  massive  tolerance  dose  and  the 
total  fractional  dosage  of  roentgen  rays  give  almost  equally  severe  reac- 
tions from  which  the  skin  may  recover  though  the  margin  of  safety  is 
probably  greater  with  the  latter.  Effective  differences  between  long  and 
short  roentgen  rays  of  equal  amounts  (over  equal  areas)  are  so  small  as 
to  be  of  little  importance  in  practice  in  so  far  as  the  skin  is  concerned. 
The  normal  variation  in  the  animal  and  human  subject  is  probably  as 
great  as  if  not  greater  than  the  difference  in  effect  between  the  long  and 
short  roentgen  rays. 

THE  EFFECT  OF  GENERAL  BODY  IRRADIATION 

If  the  whole  animal  organism  (dog,  rabbit,  and  most  other  experi- 
mental animals)  is  irradiated  (377)  by  rather  high  massive  dose  of  roent- 
gen radiation,  i.e.,  approximately  2500  r,  an  acute  rapidly  developing 
intoxication  ensues,  usually  accompanied  by  bloody  diarrhea  and  exitus 
on  the  fourth  or  fifth  day.  There  is  evidence  of  rather  widespread 
damage  to  certain  internal  body  structures  without  evidence  of  damage 
to  others.  This  is  due  partly  to  the  specific  sensitivity  or  resistance  of 
certain  tissues  to  this  dosage  level  and  partly  to  the  variation  in  the 
appearance  time  of  evidence  of  damage  (i.e.,  latent  period).  It  is 
believed  by  some  (377)  that  when  the  whole  body  or  the  abdomen  is 
irradiated,  the  major  cause  for  the  fatal  intoxication  is  the  rapid  destruc- 
tion and  disintegration  of  the  intestinal  mucosa  within  the  4-  to  5-day 
period.  A  somewhat  more  complex  though  sharply  limited  syndrome  is 
likewise  produced  by  irradiation  of  the  bony  skeleton  with  the  abdomen 
protected  (334).  In  this  type  of  experiment  the  destruction  of  bone- 
marrow  cells,  while  just  as  extensive  as  is  the  case  in  the  intestinal  epi- 
thelium, causes  only  a  sUght  or  moderate  intoxication.  Exitus  in  this 
case  is  accompanied  or  precipitated  by  a  progressive  thrombocytopenia 
and  sudden  widespread  capillary  hemorrhage  (8  to  10  days).  Other 
acute  syndromes  may  be  produced  by  damages  of  the  liver,  etc.,  but  these 
have  not  been  thoroughly  studied. 

Profound  chronic  damage  of  serious  and  fatal  type  may  likewise  be 
produced  by  total  irradiation  because  of  the  production  of  widespread 
sloughing  of  the  skin  and  muscle  or  diffuse  degeneration  of  intestinal  epi- 
thelium, or  by  means  of  intensive  localized  irradiation  of  certain  vital 
organs  such  as  the  heart  or  kidneys  (84).  In  such  circumstances  exitus 
occurs  usually  by  secondary  infection  of  the  tissues  through  the  skin 
ulcers  or  by  functional  disability  and  failure  of  the  organ,  i.e.,  slow 
starvation  from  inadequate  digestion  and  absorption  of  food,  etc.  In  all 
areas  irradiated  in  such  a  manner  many  other  structures  are  damaged, 
such  as  lymphoid  tissues,  gonad  cells,  blood  vessels,  and  connective 
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tissues,  skin,  etc.     The  amount  of  damage  is  always  proportional  to  the 
dosage  plus  the  sensitivity  of  the  cells  involved. 

Tsuzuki  (354)  finds  a  great  many  acute  changes  in  most  of  the  organs 
when  the  whole  body  of  the  rabbit  was  irradiated,  and  the  animal  sacri- 
ficed directly  after  irradiation  or  at  intervals  of  3,  13,  36  hr.  All  of  the 
organs,  including  the  salivary  gland,  thyroid,  lung,  thymus,  heart,  liver, 
spleen,  intestines,  pancreas,  kidney,  adrenal,  testis,  and  bone  marrow, 
showed  hyperemia  and  apparently  some  degeneration  of  cells.  Much 
of  this  is  gone  after  36  hr.  with  a  residual  of  a  slight  amount  of  atrophy. 

He  explained  the  onset  of  the  acute  intoxication  which  he  noted 
following  such  irradiation  upon  the  basis  of  this  rather  extensive  acute 
cell  destruction.  The  latter  was  quickly  followed  by  repair.  Some 
of  the  changes  described  may  not  be  due  to  the  irradiation,  but  this 
phase  should  be  further  studied.  The  dosage  used  and  the  period  of 
observation  were  probably  well  below  those  necessary  to  enable  the 
author  to  study  the  acute  syndromes  mentioned  above. 

Exposure  of  the  entire  body  to  a  large  quantity  of  radium  may  bring 
about  very  similar  damage,  i.e.,  destruction  of  lymphoid  tissue  in  the 
spleen,  lymph  nodes,  intestinal  lymph  follicles,  and  bone  marrow,  degen- 
eration of  the  epithelium  and  hyperemia  of  the  intestine,  cellular 
degeneration  in  the  testis  or  ovary,  stomach  and  intestine,  kidneys  and 
liver,  mucoid  degeneration  and  desquamation  of  the  columnar  epi- 
thelium of  the  bronchi  and  trachea,  hyperemia,  alveolar  exudation,  and 
focal  consolidation  of  the  lungs  (73,  74). 

Intravenous  or  oral  administration  of  sufficient  doses  of  thorium  X 
or  radium  salts  or  emanation  induces  a  leucopenia  affecting  chiefly  the 
lymphocytes,  large  mononuclear  cells,  and  blood  platelets,  hyperemia  and 
hemorrhage  of  the  bone  marrow,  marked  destruction  of  lymphocytes  and 
atrophy  of  lymphoid  follicles  in  the  spleen  and  lymph  nodes,  inflamma- 
tion and  destruction  of  the  vascular  endothelium,  with  secondary 
proliferative  thickening  of  the  vessel  walls,  central  parenchymatous 
necrosis  of  the  lobules  of  the  liver,  hyperemia,  exudative  distention  of  the 
glomerular  capsules  and  coagulation  necrosis  of  the  kidneys,  and  intense 
hyperemia  of  the  lungs,  with  exudative  distention  of  the  alveoli.  After 
intravenous  injection,  the  greatest  changes  appear  to  be  in  the  blood 
vessels,  lymphoid  structures,  and  liver,  whereas,  after  oral  ingestion,  the 
large  intestine,  lymphoid  structures,  and  kidneys  suffer  the  greatest 
injury  (73,  74,  185,  188,  193,  201). 

These  effects  differ  little  from  those  brought  about  by  intensive 
roentgen  irradiation.  The  chief  difference  lies  in  the  low  intensity  of 
radiation  spread  over  a  very  long  time  interval.  The  fact  that  the 
intestine,  kidney,  and  lung  are  sites  for  excretion  while  endothelial 
phagocytes,  bone,  liver,  and  spleen  are  sites  for  storage  of  any  particu- 
lar foreign  material  would  tend  to  intensify  the  damage  in  such  structures. 
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The  severe  constitutional  reactions  from  excessive  exposure  of  large 
parts  of  the  human  body  to  ultra-violet  radiation  are  well  known.  The 
gradual  building  up  of  the  tolerance  of  the  skin  through  repeated  frac- 
tional dosage,  similar  to  the  fractional  dosage  methods  for  roentgen 
therapy,  is  the  basis  for  its  therapeutic  use  (191,  218).  Death  has 
followed  too  severe  and  extensive  skin  damage.  This  intoxication  may 
have  the  same  mechanism  as  that  following  severe  burns  from  steam  and 
other  intense  sources  of  radiation  in  the  infra-red  spectrum. 

The  body  has  adapted  itself  to  live  in  equilibrium  while  receiving 
large  quantities  of  infra-red  radiation,  particularly  the  longer  wave- 
lengths, and  is  itself  a  producer  of  these  radiations.  Death  may  be  the 
result  of  upsetting  this  equilibrium  by  the  intensive  generalized  absorp- 
tion of  infra-red  radiations  from  without  (artificial  fever)  or  the  produc- 
tion of  and  failure  to  radiate  excessive  amounts  of  infra-red  radiation 
(spontaneous  fever  accompanying  infections,  etc.).  Death  may  likewise 
follow  excessive  losses,  i.e.,  exposure  to  cold.  In  frostbite  a  part  of  the 
body  has  been  irradiating  infra-red  radiation  at  so  great  a  rate  that 
the  skin  and  capillaries  and  subcutaneous  tissues  become  damaged  by  the 
low  temperature  attained.  This  is  just  the  opposite  type  of  energy 
exchange  that  occurs  in  a  "heat  burn,"  but  relatively  the  same  damage 
occurs  and  perhaps  the  same  type  of  intoxication  if  the  damage  is 
extensive  enough. 

''Radio-wave"  Radiation.— In  the  last  few  years  there  has  been 
considerable  interest  in  the  effect  of  very  long  electromagnetic  waves, 
so-called  "high-frequency"  or  radio  waves.  There  is  considerable 
evidence  to  show  that  the  longer  waves  in  the  neighborhood  of  300  meters 
(which  are  produced  by  the  ordinary  diathermy  machine)  produce  effects 
in  tissues  which  are  probably  related  to  the  transference  of  this  energy 
into  heat.  There  is  some  evidence  to  show  that  the  shorter  wave-lengths 
may  have  certain  specific  effects  in  certain  organs  of  the  body,  perhaps 
owing  to  differences  in  conductivity,  or  to  electrolyte  content,  or  for 
other  reasons  as  yet  unknown.  It  is  thought  that  these  high-frequency 
currents  may  build  up  excessive  temperature  gradients  in  certain  organs 
of  the  body.  Oettingen  (254),  has  published  perhaps  the  most  com- 
prehensive study  of  the  lesions  produced  by  3-meter  waves  in  the  liver, 
kidney,  brain,  testes,  ovary,  and  muscle  of  the  mouse.  Similar  changes 
have  been  demonstrated  by  Schliephake  (325). 

Schereschewsky  (323)  has  shown  that  there  is  evidence  to  prove  that 
the  shorter  wave-lengths  (1.0  to  4.69  meters  in  radio  frequencies)  do 
cause  specific  elevations  in  temperature  of  various  organ  emulsions  in 
\dtro.  With  the  very  shortest  waves  used  (1  meter)  the  comparatively 
specific  heating  of  these  emulsions  is  maintained  and  brain,  pancreas,  and 
lung  retain  their  property  of  relatively  high  heating.  Blood  serum  and 
plasma  show  less  specific  heating  than  organ  tissue;  red  blood  cells  heat 
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up  much  more  than  the  whole  blood  or  plasma.  Certain  frequencies 
seem  to  show  specific  heating  effects.  This  is  very  difficult  to  prove 
in  vivo  because  of  the  difficulty  up  to  the  present  of  measuring  the  actual 
temperature  gradients  in  organs  under  the  influence  of  these  "high- 
frequency"  electromagnetic  fields.  The  changes  described  by  Oettingen 
(254)  and  Schliephake  (325)  are  of  two  types,  the  acute  damage  which  is 
lethal,  and  chronic  changes.  Acute  lethal  damage  is  due  for  the  most 
part  to  complete  or  partial  coagulation  of  vital  tissue  and  in  part  to 
the  dehydration  which  may  result  from  the  elevation  of  the  temperature 
of  the  whole  animal.  The  elevation  of  the  white  blood  count  with 
increase  in  the  polymorphonuclear  cells  and  a  relative  decrease  in  lympho- 
cytes which  occurs  after  the  exposure  to  this  short-wave  radiation  is  a 
characteristic  of  the  elevation  of  the  body  temperature  rather  than  a 
specific  effect  due  to  these  electromagnetic  radiations  (3  to  300  meters) 
for  the  same  circumstance  arises  in  patients  and  animals  whose  tempera- 
ture is  elevated  artificially  by  other  methods  (radiant  energy,  chemical 
poisons,  etc.).  In  the  acute  lethal  experiments  (254)  there  is  a  gener- 
alized hyperemia  of  all  the  organs,  with  edema  and  damage  to  blood 
vessels  and  organ  cells  which  in  the  reviewer's  experience  occurs  at  or 
above  a  body  temperature  of  43°C.  In  the  animals  irradiated  frequently 
there  are  some  degenerative  changes  in  all  the  organs  with  various  stages 
of  repair  and  disintegration.  This,  to  the  reviewer,  means  that  the 
organs  are  damaged  by  local  elevations  of  temperature  within  the  organs. 
The  temperature  of  the  tissues  was  raised  too  rapidly  for  the  blood 
streams  and  local  conduction  to  remove  the  excessive  energy  which 
piled  up  to  the  point  of  damage  or  even  to  the  point  of  coagulation. 
There  is  considerable  theoretical  evidence  to  show  that  it  may  be  possible 
to  bring  about  such  localized  heating  in  certain  tissues  without  heating 
the  other  tissues  if  the  proper  wave-lengths  are  used. 

GASTRO -INTESTINAL  TRACT 

Changes  in  the  gastro-intestinal  tract  produced  by  roentgen  radiation 
have  been  reviewed  in  some  detail  by  Warren  (369)  and  more  recently  the 
experimental  literature  has  been  outlined  in  great  detail  by  Desjardins 
(74). 

Upper  Portions. — The  mucous  membrane  of  the  mouth,  pharynx,  and 
esophagus  does  not  differ  materially  in  the  type  of  reaction  from  that 
noted  in  the  skin  except  that  the  lesions  are  somewhat  influenced  by  the 
moist  surface  (and  therefore  the  reaction  depends  upon  the  salivary 
secretion  to  some  extent),  by  the  presence  of  digestive  juices  and  food 
(abrasion),  and  by  the  absence  of  the  horny  layer  which  acts  as  a  slight 
protective  coat  in  the  case  of  the  skin.  The  radiosensitiveness  of  the 
mucous  membrane  of  the  nose  and  its  accessory  sinuses  has  not  been 
determined  experimentally.     Excessive  irradiation  of  the  larynx  (roent- 
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gen  rays  or  radium)  may  cause  an  inflammatory  reaction  characterized  by 
redness  and  edema  of  the  mucosa.  Several  months  or  even  years  later, 
these  disturbances  may  be  accompanied  or  followed  by  stenotic  thicken- 
ing and  dyspnea,  and  in  some  cases  by  pneumonia  and  death.  Many 
examples  of  such  reaction  have  been  reported  (Desjardins,  74). 

Salivary  Glands. — After  exposure  to  roentgen  radiation  the  sub- 
maxillary gland  swells  and  the  acini  degenerate  with  loss  of  the  lumen. 
There  is  some  infiltration  of  plasma  cells  and  lymphocytes.  The  gland 
cells  become  vacuolated,  with  granular  protoplasm  and  abnormal  nuclei. 
Dilation  of  the  capillaries  may  occur.  These  changes  are  less  severe  in 
the  parotid  than  in  the  submaxillary  where  regeneration  first  takes  place 
(28,  316).  The  secretion  of  saUva  in  the  dog  is  reduced  after  heavy 
radiation  (37)  but  returns  slowly  to  normal.  The  sensitivity  of  the 
buccal  mucosa  is  temporarily  diminished,  a  response  which  probably 
affects  the  sensation  of  taste.  There  is  also  a  decrease  in  the  ability  of 
the  dog  to  control  the  muscle  movements  of  mastication  and  swallowing, 
an  effect  which  may  be  due  to  the  influence  of  the  radiation  of  the  periph- 
eral motor  nerves.  This  is  practically  the  only  reference  to  such  an 
effect  and  perhaps  warrants  further  study. 

Desjardins  (74)  states  that  "there  is  no  valid  evidence  that  small 
doses  of  radiation  increase  the  functional  activity  of  the  salivary  glands; 
on  the  contrary,  the  evidence  indicates  that  small  doses  have  no  effect, 
but  that  strong  doses  interfere  with  their  function  and  diminish  any 
secretion  of  saliva  by  causing  metabolic  inhibition  and  degeneration  of 
the  specific  epithelium  of  the  glands.  The  degree  of  such  action,  as  well 
as  its  onset  and  duration,  depend  on  the  dosage,  and  the  effect  of  irradia- 
tion may  be  temporary  or  permanent  for  the  same  reason.  The  salivary 
glands  are  exceptionally  sensitive  to  irradiation.  The  reaction  of  the 
glands  thus  induced  may  be  early,  late,  or  combined.  Early  reaction 
occurs  in  a  large  percentage  of  cases  in  which  the  region  of  one  or  more 
of  the  glands  is  irradiated,  and  consists  of  rapid  swelling,  with  a  sensa- 
tion of  heat  and  tension.  The  swelling  begins  a  few  hours  after  irradia- 
tion and  generally  subsides  spontaneously  within  24  to  72  hr.  Females 
are  twice  as  susceptible  as  males,  and  blondes  more  susceptible  than 
brunettes.  The  later  reaction  consists  in  dryness  of  the  mouth  which 
appears  from  a  few  days  to  2  to  3  weeks  after  irradiation  of  more  or  all  of 
the  salivary  glands,  is  most  pronounced  2  to  4  weeks  after  exposure, 
subsides  slowly  thereafter,  and  is  due  to  decreased  secretion  of  saliva. 
Its  severity  and  duration  vary  with  the  dosage.  Both  the  early  and  late 
reactions  may  occur  in  the  same  case." 

Esophagus. — There  is  relatively  little  information  regarding  the 
effects  of  radiation  on  the  esophagus  because  its  position  makes  observa- 
tion difficult.  Probably  its  sensitivity  is  about  the  same  as  that  of  the 
skin  and  mucous  membranes  of  the  mouth  (99).     Warren  (368)  noted 
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that  1200  mg.  el  hr.  of  radium  (0.5  Pb  filter)  produced  a  sharp  reaction 
in  the  mucosa  of  the  lower  esophagus  when  the  apphcator  was  practically 
in  contact  with  its  walls.  The  effect  lasted  from  the  tenth  to  the  twen- 
tieth day  after  exposure.  Injuries  following  radiotherapy  of  the  esopha- 
gus are  not  common  (74,  289). 

Stomach. — The  gastric  mucosa  is  much  more  sensitive  than  the  esopha- 
gus and  may  be  damaged  by  doses  which  leave  the  skin  unharmed. 
Large  quantities  of  radiation  which  cause  epilation  and  necrosis  of  the 
skin  result  in  the  destruction  of  the  stomach  wall  and  perforation.  Such 
lesions  have  been  extensively  studied  (19,  64,  166,  374-377,  394).  The 
pathological  changes  involve  chiefly  the  secretory  epithelium.  Dawson 
(64)  observed  that  the  chief  cells  are  the  most  sensitive  while  the  parietal 
cells  are  resistant.  The  latter,  even  when  showing  no  histological 
injury,  are  unable  to  produce  acid.  The  decrease  in  the  acidity  of  the 
gastric  juice  is  one  of  the  characteristic  reactions  to  radiation  (64,  283). 
Radium  from  an  external  source  produces  practically  the  same  changes; 
when  applied  locally  its  effect  is  very  intense.  If  the  dosage  has  not 
been  too  great,  repair  follows  injury.  There  is  a  proliferation  of  the 
connective-tissue  stroma  and  blood  vessels,  a  realignment  of  a  latent 
atrophic  mucosa.  The  regenerated  mucosa  is  thin  but  histologically 
normal.  (For  a  review  of  the  functional  changes  following  irradiation 
cf.  Desjardins,  74.) 

Small  Intestine. — The  small  intestine  is  considerably  more  sensitive 
than  the  stomach,  the  sensitivity  being  manifested  mostly  in  the  crypt 
cells  of  the  viUi.  This  commences  sharply  at  the  pyloric  sphincter  and 
extends  to  the  ileocecal  valve,  the  upper  portion  being  more  sensitive 
than  the  lower.  The  effect  of  the  radiations  is  proportional  to  the 
dosage.  In  the  dog  a  dose  equivalent  to  the  amount  necessary  to  produce 
epilation  will  destroy  the  entire  mucosa  (134,  207,  208,  377). 

Lethal  doses  of  roentgen  rays  given  over  the  abdomen  of  a  normal 
dog  are  followed  by  a  physiological  reaction  of  remarkable  uniformity 
(371).  In  the  first  24  hr.  the  crypt  epithelium  shows  a  definite  degenera- 
tive change  which  begins  to  appear  as  early  as  2  hr.  after  exposure.  The 
bone  marrow,  spleen,  lymph  nodes,  and  ovaries  are  also  affected.  During 
the  next  24  hr.,  necrosis  of  this  epithelium  may  be  almost  complete, 
while  the  tip  epithelium  of  the  villi  remains  practically  intact.  There 
is  little  edema  and  invasion  of  wandering  cells.  On  the  third  day  the 
small  intestine  from  pylorus  to  ileocecal  valve  is  raw  and  inflamed. 
The  crypt  and  villous  epithehum  has  in  large  part  vanished,  leaving  a 
collapsed  framework  of  mucosa  in  which  there  is  some  edema  and  inva- 
sion of  wandering  cells.  The  disintegration  of  the  mucosa  is  apparently 
responsible  for  the  symptoms  and  pathological  lesions  which  develop. 
The  fourth  day  marks  the  peak  of  intoxication,  and  death  usually  takes 
place  at  this  time,  preceded  by  vomiting,  bloody  diarrhea,  and  coma. 
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The  anatomical  and  histological  picture  resembles  that  of  the  third  day. 
During  this  whole  period  there  is  no  evidence  of  damage  to  the  skin.  In 
spite  of  the  almost  complete  destruction  of  the  mucosa  of  the  small 
intestine  which  is  almost  denuded  of  its  protective  mechanism,  indeed 
the  muscularis  mucosa  is  bare  in  many  places,  the  body  usually  is  not 
invaded  by  an  overwhelming  number  of  bacteria  (374). 

All  of  the  common  experimental  animals  respond  in  the  same  manner 
to  doses  of  2000  to  2500  r  over  the  abdomen.  Divided  doses  given 
within  a  5-  to  6-day  period  cause  practically  the  same  effect  as  a  single 
massive  dose  equal  to  the  sum  of  the  small  doses.  But  when  exposures 
are  given  at  intervals  of  5  days  there  is  no  evidence  of  a  summation 
effect  (375).  The  rat  and  guinea  pig  are  slightly  more  sensitive  than  the 
dog,  cat,  and  rabbit.  By  contrast,  birds,  frogs,  and  reptiles,  are  very 
resistant  and  may  tolerate  doses  two  or  three  times  as  great  as  the  lethal 
dose  for  dogs  (373,  375). 

Exposure  to  large  doses  of  roentgen  rays  will  cause  notable  increase  in 
the  speed  of  autolysis  (372)  of  the  crypt  or  secretory  epithelium  of  the 
dog's  small  intestine.  These  changes  can  be  demonstrated  readily  in 
material  obtained  from  dogs  sacrificed  2,  24,  48,  72,  or  96  hr.  after  the 
initial  radiation.  In  the  irradiated  dogs  the  secretory  crypt  epithelium 
of  the  small  intestine  autolyzes  first  and  the  epithelium  of  the  villi  last, 
while  the  reverse  is  true  in  the  normal  control  small  intestine.  The  colon 
shows  little  change  and  the  stomach  no  demonstrable  changes  in  autoly- 
sis under  like  conditions.  The  kidney  likewise  is  unaffected.  The 
spleen,  lymph  glands,  liver,  and  the  pancreas  show  a  moderate  increase 
in  the  speed  of  autolysis  only  in  tissues  taken  from  irradiated  animals 
within  48  hr.  of  the  initial  exposure.  What  the  significance  of  this  dis- 
turbance of  cell  ferments  in  the  intestinal  mucosa  may  be,  one  cannot 
pretend  to  say.  At  least  these  observations  strengthen  one's  confidence 
in  the  profound  functional  disturbance  of  this  important  intestinal 
epithelium — a  disturbance  which  it  is  believed  is  responsible  for  the 
clinical  abnormalities  and  fatal  intoxication  occurring  in  these  animals. 

Martin  and  Rogers  (208)  studied  the  chronic  lesions  in  the  small 
intestines  of  dogs  receiving  various  amounts  of  dosage  over  the  abdomen 
(with  approximately  100  kv.).  The  animals  developed  ulcerated  areas 
when  small  doses  were  given,  which  were  followed  by  cachexia  and  death 
in  2  or  3  weeks.  Damage  to  a  single  isolated  loop  resulted  in  a  more 
slowly  progressive  cachexia  with  exitus  in  2  months  with  intestinal 
ulceration  and  occasionally  obstruction.  The  fat  absorption  was 
inhibited  and  the  mucous  secretion  was  increased. 

Further  work  with  chronic  or  acute  lesions  in  the  small  intestines 
may  lead  to  an  explanation  of  the  intoxication  which  occurs  from  the 
acute  injury,  as  pointed  out  by  some  workers  (371),  for  this  is  apparently 
closely  related  to  the  intoxication  found  in  intestinal  obstruction  and 
the  clinical  disturbance  noted  after  intensive  irradiation  of  patients. 
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Mottram  and  Kingsbury  (245)  suggest  that  following  the  injury  of 
the  intestine  by  radium  radiation  there  is  an  interference  in  the  produc- 
tion of  mucus  by  the  mucosa  which  precedes  the  necrosis  of  the  epithelial 
cells.  They  found  that  an  invasion  of  the  tissue  of  the  mucosa  by 
bacteria  follows  the  production  of  the  desquamation  already  referred  to. 
They  believe  that  the  thrombopenia  which  they  could  produce  was  a 
secondary  effect,  along  with  the  presence  of  the  bacteria  in  the  blood,  to 
the  breaking  down  of  the  epithelial  barrier  of  the  intestine  against  bac- 
terial invasion.  Their  experiments  probably  involve  severe  bone-mar- 
row injury  as  well  as  intestinal  injury  and  they  were  studying  the 
combined  effects  of  these  two  injuries. 

Further  studies  on  the  chronic  degenerative  lesions  might  give  infor- 
mation concerning  the  mechanism  of  absorption  and  secretion,  provided 
the  proper  biochemical  method  could  be  set  up.  The  same  is  true  of 
similar  lesions  produced  in  the  stomach  and  colon.  The  effect  of  radi- 
ation from  radium  administered  from  outside  the  body  is  essentially  the 
same  as  that  of  roentgen  radiation. 

From  clinical  observations  in  the  literature  it  is  probable  that  the 
human  small  intestine  is  likewise  sensitive  to  damage  (16)  and  by  the 
same  dose  {i.e.,  some  injury  may  be  produced  by  less  than  the  human 
erythema  dose).  Sanders  (317)  reports  stenosis  of  the  small  intestine 
in  patients  receiving  radiation  over  the  abdomen  one-half  year  pre- 
viously. The  fatal  intoxication  following  irradiation  over  the  abdomen 
is  dependent  upon  a  rather  critical  dosage,  for  with  a  less  severe  reaction 
{i.e.,  from  less  dosage)  the  result  is  that  of  acute  partial  injury  and 
destruction  of  some  of  the  same  crypt  cells  followed  by  various  stages  of 
degeneration  and  repair.  The  repair  is  characterized  by  the  prolifera- 
tion of  connective  tissue  and  blood-vessel  capillaries  into  the  fibrin-rich 
covering  clinging  to  the  denuded  surface  and  the  regeneration  and  rapid 
growth  of  the  cell  remnants,  apparently  from  the  crypt-cell  group.  The 
repaired  surface  is  apt  to  contain  abnormal  and  degenerate  cells.  There 
is  frequently  a  fair  number  of  mucus-secreting  cells  in  addition.  The 
reviewer  is  inclined  to  believe  that  the  repaired  portion,  since  it  is  covered 
by  abnormal  cells,  does  not  permit  normal  digestion  and  absorption  to 
occur.  In  extreme  cases  this  may  be  almost  nonexistent.  This  would 
account  for  the  survival  of  the  experimental  animals  past  the  acute 
stages,  and  explain  the  continued  loss  of  weight  and  occasionally  exitus 
from  starvation,  after  a  considerable  period  of  time  if  the  lesion  is  exten- 
sive enough.  The  placing  of  radium  within  the  bowel,  especially  within 
isolated  loops,  or  the  irradiation  from  without  of  isolated  loops,  might  be 
a  suitable  method  of  determining  how  these  destructive  agents  bring 
about  such  specific  and  localized  disturbances  of  function. 

On  the  injection  of  radioactive  substances  such  as  thorium  X,  or 
radium  chloride,  the  small  intestine  is  damaged  by  the  radiation  given 
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off  as  the  material  is  excreted  into  the  intestine  (187).  Usually  this 
damage  is  of  the  chronic  type  because  of  the  low  dosage  involved.  Other 
parts  of  the  body,  of  course,  are  subjected  to  irradiation  from  these  sub- 
stances, but  changes  in  other  organs  will  be  discussed  in  their  proper 
place. 

Colon. — While  no  great  amount  of  work  has  been  done  directly  on  the 
colon,  the  experiments  described  by  many  workers  (Regaud,  291;  Mar- 
tin et  al.,  207;  Warren  et  al.,  371)  show  that  it  is  more  resistant  than 
the  small  intestine,  probably  about  equal  in  sensitivity  to  the 
stomach.  The  predominance  of  mucus-secreting  cells  in  damaged  areas 
would  suggest  that  this  type  of  cell  is  more  resistant  than  the  other 
types.  This  finding  compares  favorably  with  observations  on  similar 
cells  of  the  stomach  and  small  intestines.  The  mucosa  of  the  rectum  has 
essentially  the  same  sensitivity  characteristics  as  the  mucosa  of  the 
mouth. 

Bladder. — The  bladder,  being  lined  with  pavement  epithelium, 
would  be  expected  to  have  about  the  same  relative  sensitivity  as  the 
skin.  This  similarity  seems  to  be  borne  out  by  clinical  observations 
following  the  application  of  radium.  The  acute  experiments  on  dogs 
seem  to  support  this  belief,  though  no  work  has  been  done  directly 
upon  the  bladder.  In  experiments  where  the  animal  has  been  given 
generalized  irradiation,  the  bladder  shows  no  acute  changes,  though  it 
is  possible  that  neither  the  dosage  nor  the  time  intervals  used  were  within 
the  proper  limits.  The  same  is  probably  true  of  the  rest  of  the  genito- 
urinary tract  not  including  the  kidney,  though  there  is  little  or  no  experi- 
mental work  to  suggest  this.  Martin  and  Rogers  (209)  found  that 
53  mg.  hr.  of  radium  applied  in  steel  needles  alongside  the  ureter  in 
dogs  produced  a  partial  stricture,  while  75  mg.  hr.  produced  complete 
stricture. 

Pancreas. — In  the  acute  experiments  dealing  with  the  effects  upon 
the  intestinal  tract  all  the  workers  agree  that  the  pancreas  is  not  damaged 
by  doses  and  time  intervals  within  the  scope  of  these  experiments.  There 
is  no  direct  experimental  evidence  that  the  pancreas  can  be  damaged  by 
the  irradiation  in  situ,  without  producing  severe  and  eventually  fatal 
damage  to  the  small  intestine,  except  for  a  diffuse  fibrosis  noted  by 
Doub  {et  al.,  83,  84)  in  2  dogs  out  of  a  very  large  number  exposed  in  the 
kidney  region.  The  sugar  metabolism  was  not  disturbed.  Orndorf, 
Farrel,  and  Ivy  (256,  257)  studied  the  effects  of  Ko>  }i>  and  1  human 
erythema  dose  on  the  function  of  a  piece  of  pancreas  transplanted  under 
the  mammary  gland  of  the  dog.     They  used  150  kv.   (effective  wave- 

o 

length  of  0.181  A).  One-tenth  erythema  dose  increased  the  concentra- 
tion of  lipase  and  trypsin  but  did  not  change  the  quantity.  One-half 
human  erythema  dose  increased  the  quantity  and  total  output  of  fer- 
ments.    One  erythema  dose  decreased  the  quantity  of  ferment  and  total 
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output  for  2  weeks  after  exposure.  One  animal  returned  to  normal 
47  days  after  exposure.  They  conclude  that  the  pancreas  may  be 
temporarily  injured  by  one  erythema  dose,  its  power  to  regenerate  being 
able  to  compensate  for  this. 

Liver. — There  is  a  controversy  concerning  the  effects  of  roentgen  and 
gamma  radiations  on  the  liver.  Many  investigators  find  no  evidence 
of  histological  change  (134,  207-209,  291,  369-377),  while  others 
report  injuries  of  various  kinds.  Pohle  and  Bunting  (277)  describe 
swelling  and  atrophy  of  the  cells,  a  reaction  which  occurs  in  two  cycles, 
somew^hat  similar  to  the  rhythm  noted  in  the  skin  erythema.  In  some 
instances  (83)  the  liver  may  be  reduced  in  weight  and  show  extensive 
fatty  infiltration,  some  increase  of  fibrous  tissue,  and  a  loss  of  orderly  cell 
arrangement.  Three  human  cases  (38)  showed  injury  to  the  bile  ducts, 
with  vacuolation,  swelling,  and  necrosis  of  the  epithelial  cells,  followed 
by  a  slow  and  atypical  regeneration.  Hartock  and  Israeleski  (138) 
review  the  literature  on  this  subject,  and  present  evidence  showing  that 
the  secretion  of  bile  in  the  frog  is  diminished  by  doses  of  500  r  or  more. 
The  effect  lasts  at  least  3  weeks.  Russ  and  Scott  (310,  312)  implanted 
radon  seeds  in  the  liver  of  a  rat  and  found  that  those  cells  which  were 
intensely  irradiated  were  less  injured  than  those  which  received  less 
radiation.  Furthermore,  cells  near  the  blood  vessels  were  less  injured 
than  those  at  some  distance.  Chronic  changes  in  the  liver  are  rarely 
observed  because  either  the  subject  succumbs  to  massive  destruction 
from  large  doses,  or  the  regeneration  after  smaller  doses  is  so  rapid  and 
complete  as  to  leave  little  or  no  residual  (59,  83). 

The  nuclear  damage  which  has  been  reported  (204)  may  not  be  a 
consequence  of  irradiation.  The  livers  of  rats  and  rabbits  kept  under 
laboratory  conditions  are  apt  to  show  occasional  pathological  variations; 
furthermore  the  dosage  used  is  comparable  to  that  used  by  others  who 
found  no  histological  changes  under  similar  experimental  conditions. 
There  is  no  doubt  that  transient  anatomical  or  histological  and  functional 
damage  may  be  produced  by  radiation  (83).  The  best  evidence  of 
functional  effects  is  presented  by  means  of  bile  fistula  experiments  (337) . 
There  is  considerable  evidence  of  rapid  recovery  of  the  liver  function. 
But  if  sufficient  radiation  is  given  repeatedly,  in  the  proper  sequence  and 
dosage,  extensive  irreparable  damage  might  be  obtained.  A  compre- 
hensive, well  correlated  study  of  the  effects  of  roentgen  rays  on  the  liver 
is  needed. 

Gall  Bladder. — Brahms  and  Dornbacher  (27)  in  irradiating  the  liver 
region  of  the  dogs  with  relatively  soft  irradiation  (65  kv.)  found  both  acute 
and  chronic  changes  in  the  gall-bladder  wall  consisting  of  hemorrhage, 
edema,  round-cell  infiltration,  fibrous-tissue  hyperplasia,  and  occasion- 
ally necrosis  of  the  epithelium.  These  lesions  were  obtained  without 
damage  to  the  duodenal  and  pyloric  mucosa,  and  they  suggest  that  the 
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gall  bladder  is  more  sensitive  than  the  gastro-intestinal  tract.  This  has 
not  been  reported  by  any  other  workers  and  has  not  been  within  the 
reviewer's  experience.  The  illustrations  published  by  Brahms  and  Dorn- 
backer  show  in  some  cases,  thickened,  infiltrated  gall-bladder  walls 
suggesting  chronic  inflammatory  changes,  rather  than  changes  typical 
of  damage  due  to  irradiation.  This  possibility  should  be  eUminated 
before  it  is  accepted  that  the  gall  bladder  is  very  sensitive  to 
radiation. 

LUNGS  AND  HEART 

Lungs. — It  is  the  opinion  of  the  reviewer  that  the  structures  within 
the  lungs  are  relatively  resistant  to  irradiation.  The  stroma  which  is 
composed  mainly  of  connective  tissue  and  blood  and  lymph  capillaries 
is  not  very  sensitive  to  ordinary  "therapeutic"  dosage,  and  there  is  very 
little  evidence  to  support  the  proposition  that  the  bronchial-alveolar 
epithelium  is  very  sensitive,  i.e.,  more  so  than  the  skin.  The  pleura  must 
likewise  be  quite  resistant,  in  fact  almost  as  resistant  as  the  skin.  Dosage 
above  the  human  erythema  dose  either  as  a  single  massive  dose  or  as 
fractional  dosage,  or  where  the  lung  is  struck  by  converging  ("cross 
fire")  beams  of  high  dosage,  may  w-ell  cause  damage  (70,  73,  94,  131,  205). 
Here,  too,  the  damage  may  be  related  to  the  most  resistant  cells  of  the 
organ.  The  blood-vessel  endothelium  is  apparently  less  severely  dam- 
aged than  the  bronchial  epithelium,  which  may  swell  and  even  necrose 
(Ludin  et  al.,  205).  In  this  state  secondary  infection  is  prone  to  happen 
in  experimental  animals  and  presumably  in  human  cases.  The  pleural 
inflammation  may  be  noted  along  with  that  of  the  skin  and  lung  paren- 
chyma. The  mediastinal  structures  with  the  exception  of  the  thymus 
and  lymph  nodes  react  about  the  same  as  the  pleura  to  equivalent  dosage. 
Caution  should  be  used  in  interpreting  mild  changes  found  in  the  lungs 
because  of  the  common  finding  of  some  pneumonitis  in  ordinary  animals 
kept  under  laboratory  conditions  (403,  404).  Capillary  damage,  edema, 
evidence  of  injury  to  the  bronchial  and  alveolar  epithelium,  localized 
emphysema  or  atelectasis  may  be  found  without  and  with  clinical  evi- 
dence of  acute  respiratory  disease  (62).  Such  changes  may  be  rather 
uniformly  distributed  throughout  the  animal  colony.  Changes  such  as 
those  described  by  the  various  workers  (204,  205,  403,  404)  following  the 
irradiation  of  the  animal  with  very  large  doses  are  probably  specific 
changes  brought  about  by  irradiation.  From  the  biological  standpoint 
the  lungs  are  fairly  resistant  to  irradiation.  From  the  therapeutic 
aspect,  in  the  face  of  crossfire  and  extensive  fractional  dosage  procedures, 
the  lung  may  suffer  extensive  damage  and  even  be  severely  enough 
injured  to  cause  death.  Human  cases  under  treatment  by  radiation, 
however,  cannot  be  freed  from  the  suspicion  that  the  amount  of  neo- 
plastic involvement  of  the  lung  substance  and  pleura  was  responsible  to  a 
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great  extent  for  the  fibrosis  and  other  changes  reported  (70,  73,  94,  101, 
131,  238,  356). 

Blood  Pressure. — There  is  Httle  or  no  evidence  that  roentgen  rays 
induce  changes  in  blood  pressure.  Stephens  and  Flory  (344)  irradiated 
unanesthetized  rabbits  with  large  doses  and  failed  to  find  any  alteration 
either  in  blood  pressure,  in  the  respiratory  rate,  or  in  the  size  of  the 
spleen  or  other  abdominal  viscera  which  they  viewed  through  an  abdomi- 
nal window.  This  is  also  the  opinion  of  Desjardins  and  Marquid  (70) 
who  have  made  an  extensive  study  of  this  subject.  When  human 
patients  with  tumors  are  irradiated,  a  fall  in  blood  pressure,  lasting  from 
1-35  days  may  occur  (263).  But  in  all  probability  this  reaction  is  not 
due  directly  to  the  radiations  but  rather  to  the  disintegration  products 
of  the  cells  destroyed  by  them.  The  results  of  Swann  (345),  which 
appeared  to  indicate  a  fall  in  pressure  following  exposure,  may  have  been 
due  to  currents  set  up  in  the  apparatus  by  the  roentgen  equipment. 

Heart  Muscle. — Animal  experiments  indicate  that  the  specific  radio- 
sensitiveness  of  the  heart  is  relatively  low,  probably  near  the  tolerance  of 
smooth  muscle  and  blood-vessel  muscle,  and  much  lower  than  that  of 
many  other  structures.  Doses  of  roentgen  rays  even  beyond  the  amounts 
usually  employed  in  the  treatment  of  human  patients  probably  have  no 
effect  on  the  heart.  Experiments  with  rabbits  indicate  that  single  doses 
of  about  600  r  produce  no  definite  change  in  the  size  of  the  heart,  in  the 
histology  of  the  myocardium,  or  in  the  nervous  mechanism  (111,  114,  127, 
332,  349,  378).  The  same  is  true  when  the  radiation  is  given  by  the 
simple  fractional  or  protracted  fractional  method,  with  a  total  dose  of 
7000  r  (403).  Even  5  months  after  treatment  no  sign  of  injury  is  found. 
Kawashima  (172)  was  unable  to  find  any  changes  in  the  contractile  rate 
or  power  of  isolated  frog  heart  muscle  after  intense  roentgen  radiation 
or  immersion  in  radioactive  Ringer's  solution.  Desjardins  (73),  in 
summarizing  the  clinical  reports,  finds  a  few  instances  of  apparent  injury 
from  radiation  but  concludes  that  such  effects  must  be  ascribed  to  indirect 
factors,  such  as  injury  to  the  pleura  and  lungs  or  to  the  circulation  of 
toxic  products  induced  by  the  rays  in  other  organs. 

The  heart  is  not  entirely  insensitive  to  radiations  and  may  be  injured 
by  doses  of  sufficient  strength.  The  damage  appears  in  the  blood 
vessels,  in  the  muscle  cells,  and  in  the  conductive  system.  The  early 
effects  of  large  doses  and  the  late  effects  of  small  doses  on  the  blood 
vessels  of  the  heart  consist  of  an  initial  engorgement  and  a  later  necrosis 
followed  by  a  rupture  of  the  wall  and  consequent  hemorrhage  into  the 
surrounding  tissue  (26).  A  thickening  of  the  walls  and  even  an  obHtera- 
tion  of  the  lumen  are  also  reported  (136).  Fedder  and  Kellner  (99)  find 
irreparable  damage  to  the  nuclei  of  the  cells. 

Changes  in  the  muscle  are  described  by  Warthin  and  Pohle  (379) 
who  employed  multiple  exposures.     The  fibers  present  a  rather  "wooly" 
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appearance  throughout,  the  cross  striations  are  less  clear  and  distinct 
than  in  normal  tissue,  and  the  staining  properties  of  both  protoplasm 
and  muscles  are  poor.  Fibrosis  is  frequent,  and  peculiar  in  that  it  is 
diffuse  and  in  fine  strands  between  the  individual  muscle  fibers.  In 
addition,  there  is  a  large  amount  of  loose  areolar  tissue  present  and  the 
tissues  are  edematous.  In  further  experiments  on  rats  (380)  the  precor- 
dium  was  exposed  to  beams  of  two  different  wave-lengths  (0.19  and 
0.34  A).  The  doses  varied  from  500  to  1000  r.  No  clinical  symptoms 
could  be  observed  which  might  indicate  a  heart  injury.  The  only  gross 
pathological  change  consisted  of  a  dilatation  of  the  right  ventricle. 
Microscopically,  Zenker's  necrosis  in  various  degrees  could  be  demon- 
strated, and  an  increase  in  stroma  nuclei  with  small  foci  of  lymphocytes. 
From  these  results  it  appears  that  the  tolerance  dose  for  the  myocardium 
of  adult  rats  is  about  500  r,  effective  in  the  heart.  Werthmann  (385) 
exposed  rabbits  to  repeated  doses  of  500  r  each.  The  total  dose  varied 
from  8500  to  21,500  r,  the  exposures  extending  over  long  periods.  He 
reports  an  atrophy  of  the  muscle  fibers  with  fracturing,  empty  sar- 
colemma  cells,  simple  nuclear  degeneration,  and  changes  in  the  connective 
tissue  with  perivascular  fibrosis  and  sclerosis.  The  sarcoplasm  may 
show  some  coagulation  and  necrosis  (99).  Dilation  of  the  heart  to  two 
or  three  times  its  normal  size  was  found  by  Hartmann  (136).  It  was 
confined  for  the  most  part  to  the  right  auricle  and  right  ventricle,  the 
former  being  hemorrhagic  and  its  muscle  replaced  by  areas  of  hyaline 
degeneration.     This  did  not  occur  in  the  ventricular  walls. 

The  effects  of  radiations  on  the  conductive  system  of  the  sheep  heart 
have  been  studied  by  Hartmann  (136).  "Microscopically,  the  larger 
and  smaller  branches  of  the  auriculoventricular  bundle  are  well  preserved 
when  compared  with  the  damage  to  the  muscle  proper.  The  larger 
branches  showed  only  thinning  of  the  fibrils  at  the  margin  of  the  cells 
with  vacuolation  and  distortion  of  the  nuclei,  while  some  of  the  smaller 
branches  which  lie  in  areas  where  the  muscle  stains  poorly  and  is  infiltrated 
by  leucocytes,  show  individual  cells  distorted,  vacuolated,  poorly  stained, 
and  with  shriveled  nuclei.  The  infiltration,  however,  does  not  extend 
into  the  branches  of  the  bundle  and  in  no  case  was  hemorrhage  or  com- 
plete destruction  of  the  bundle  found." 

When  the  muscle  power  of  the  heart  is  weakened  either  through 
changes  in  blood  supply  or  direct  damage  of  the  muscle  cells  or  conduction 
system,  the  changes  in  any  of  the  hydrodynamics  of  the  pulmonary 
circulation  elsewhere  might  well  be  reflected  in  extensive  cardiac  dys- 
function. Any  disturbance  of  the  conduction  system  would  probably 
upset  the  rhythm,  in  certain  cases  at  least.  The  electrocardiographic 
changes  may  be  explained  by  changes  in  the  conduction  system  or  shifts 
in  the  shape  of  the  heart,  due  to  dilation,  hemorrhage  into  the  muscle, 
etc.     Such  changes  are  only  produced  with  high  dosage. 


504  BIOLOGICAL  EFFECTS  OF  RADIATION 

KIDNEY 

There  is  considerable  controversy  over  changes  which  might  occur  in 
the  kidney  following  irradiation.  In  general,  the  experimental  results 
with  animals  indicate  that  there  is  no  definite  kidney  damage  to  be  noted 
histologically  following  doses  of  the  order  of  human  epilation  doses  in 
the  animals  (reviewed  by  Warren,  381;  and  Desjardins,  72,  74).  What 
changes  are  found  after  such  dosage  are  usually  functional  and  transient 
(147,  224).  Experimental  animals,  especially  dogs,  often  show  spontane- 
ous changes  in  the  kidney  which  might  mask  incipient  changes  due  to 
radiation  (111).  Other  workers  (136,  137,  255,  256,  388,  389,  404) 
have  studied  changes  produced  in  the  kidney  by  irradiation  after  trans- 
plantation or  some  other  method  of  delivery  of  the  kidney  directly  into 
the  field  of  irradiation.  These  experiments  allow  of  a  great  increase 
in  dosage  to  the  kidney  without  the  probability  of  damage  to  nearby 
structures,  especially  the  intestines,  as  well  as  the  skin,  for  if  the  kidney 
is  left  in  situ,  very  large  doses,  depending  upon  the  size  of  the  animal 
(3000  to  5000  r  or  more),  are  necessary  to  damage  its  substance.  Large 
doses  cause  acute  and  chronic  changes  of  various  degrees  with  destruction 
of  blood  vessels,  glomeruli,  and  tubules,  with  generalized  sclerosis  of  the 
kidney,  a  condition  which  gradually  results  in  secondary  changes  such  as 
hypertension  and  cardiac  hypertrophy  and  functional  disturbances  such 
as  acidosis,  nitrogen  retention,  polyuria,  edema,  and  all  the  changes 
secondary  to  such  dysfunction  which  might  be  expected  to  accompany  the 
histological  picture  of  extensive  damage  and  resultant  fibrosis. 

Alterations  in  the  vessel  walls  in  the  kidney  are  found  resembling  in 
all  gradations  those  in  the  capillaries  of  the  skin  (111).  The  vessels  may 
become  sclerotic  and  thickened  and  even  closed.  In  the  glomeruli  they 
are  often  hyalinized  and  atrophic,  though  occasional  vessels  seem  to 
escape  damage. 

Swelling  of  the  renal  epithelium,  particularly  in  the  tubules,  and 
occasionally  hemorrhage  into  the  interstitial  tissues,  occur  immediately 
after  the  irradiation  (80).  Separation  from  the  basement  membrane  is 
then  noted,  and  later  cell  destruction  or  atrophy  occurs  (with  casts  in  the 
urine).  There  is  finally  complete  necrosis  of  the  tubules,  followed  by 
inflammatory  cell  infiltration  and  fibrosis  and  later  shrinkage  of  the  kid- 
ney. In  this  stage  the  glomeruli  may  be  surrounded  by  scar  tissue  and 
very  well  preserved,  but  the  tubules  do  not  regenerate  (388,  389)  and 
are  replaced  by  scar  tissue  (136,  137).  Radioactive  materials  (thorium 
X)  placed  in  the  kidney  substance  produce  local  damage  to  all  nearby 
structures  because  of  the  high  dosage  (246). 

In  general,  the  kidney  as  a  whole  is  probably  as  resistant  as  the  blood 
vessels  in  the  kidney  or  elsewhere  in  the  body.  Specific  damage  to 
renal  epithelium  is  of  the  same  dosage  level  as  that  to  blood  vessels.  It 
is  hardly  likely  that  sufficient  radiation  may  reach  the  kidney  in  situ 
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under  ordinary  therapeutic  usage  in  sufficient  quantity  to  cause  damage, 
unless  very  high  dosage  is  used.  Transplantation  of  the  kidney  or  its 
delivery  through  an  incision  for  the  purpose  of  irradiation  offers  the 
simplest  method  of  producing  changes  which  simulate  those  due  to  chronic 
nephritis,  without  damage  to  other  organs.  The  method  is  cumber- 
some, but  the  procedure  can  be  used  in  the  study  of  this  type  of  nephritis. 

ADRENALS 

These  glands  have  been  shown  to  be  highly  resistant,  and  very  strong 
doses  must  be  given  to  cause  the  changes  which  occur  chiefly  in  the 
cortical  portion  (71,  362,  369).  The  complete  disappearance  of  the 
medullary  portion  with  extensive  fibrosis,  after  direct  irradiation,  has 
been  reported  (210),  but  Doub,  Bollinger,  and  Hartmann  (83,  84) 
using  large  doses  found  only  chronic  changes,  consisting  of  a  thickened 
capsule,  an  increase  in  the  lipoid  content  of  the  zona  glomerulosa,  and 
moderate  fibrosis  of  the  cortex.  No  demonstrable  adrenal  insufficiency 
was  present.  They  believe  that  marked  acute  damage  may  occur,  but 
this  is  not  permanent  because  of  the  great  regenerative  power  of  the 
gland.  Frey  found  no  change  whatever  except  for  transient  hyperemia 
and  retarded  cell  division  (107).  He  used  only  male  animals,  because  in 
females  the  unavoidable  irradiation  of  the  ovaries  introduces  complica- 
tions. He  remarks  that  "the  statements  in  the  Uterature  as  to  the  direct 
damage  caused  by  roentgen  rays  and  radium  to  suprarenals  and  the 
great  sensitivity  of  these  are  not  according  to  fact;  it  is  a  question  of  an 
indirect  and  not  any  direct,  specific,  or  elective  effect  of  the  rays." 

This  subject  is  of  considerable  interest  for  future  research  because  of 
the  physiological  studies  which  might  be  made  if  it  were  possible  to 
damage  certain  portions  specifically  without  causing  specific  damage  to 
other  parts.  Great  technical  handicaps  must  be  overcome  because  of  the 
well-known  difficulties  with  which  any  physiological  study  of  the  adrenals 
is  faced.     Much  of  the  older  work  is  of  doubtful  value. 

EYE 

Roentgen,  in  1897,  reported  that  the  new  rays  that  he  had  discovered 
had  a  stimulating  effect  on  the  retina.  The  sensation  of  light,  when  the 
eye  is  irradiated  directly,  has  been  attributed  to  a  direct  stimulative 
action  on  the  retina  or  to  the  production  of  fluorescence  (302,  346). 

The  reactions  in  the  cornea  show  as  plain  epithelial  damage  and  a 
fine  stippling  5  days  after  the  irradiation,  when  the  lids  and  sclera  are 
quite  swollen  and  a  slimy  secretion  is  present  on  the  sclera  (168).  The 
stipling  on  the  surface  soon  becomes  confluent  so  that  great  ulcerative 
defects  invading  the  corneal  substance  appear,  and  a  keratosis  follows. 
The  iris,  the  lens,  and  the  background  showed  nothing  pathological  in 
this  stage.  Larger  doses  produce  on  the  cornea  a  confluent  ulceration, 
with  the  development  later  of  a  definite  keratitis,  lasting  about  6  months 
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with  final  healing  (9  months).  After  a  single  irradiation  of  250  per  cent 
of  a  human  erythema  dose  a  9  months'  observation  shows  the  corneal 
epithelium  disturbed  in  regularity  and  order  of  the  cells  and  their  staining 
power  in  the  different  layers.  There  is  a  degeneration  of  the  corneal 
cells  and  a  beginning  degeneration  of  the  inner  horny  layer  and  the 
normal  content  of  the  outer  layer  is  diminished.  The  retina  plainly 
shows  (from  a  single  dose)  ganglion-cell  changes  due  to  definite  irradiation 
damage. 

Cremer  (54)  describes  a  cataract  with  acute  inflammation  of  the 
cornea  in  a  child  as  a  result  of  irradiation,  following  a  dosage  which  did 
produce  similar  damage  to  an  animal.  In  the  rabbit,  cataract  is  always 
caused  by  an  epilation  dose,  but  this  does  not  occur  with  such  constancy 
in  man.  The  lens  changes  do  not  appear  until  a  dosage  up  to  1340  r, 
or  270  per  cent  of  human  skin  dose  is  applied  (302).  If  the  maximum 
safe  dose  for  the  lens  of  the  rabbit  is  taken  as  100  per  cent  (or  180  per  cent 
human  erythema  dose),  for  the  cornea  and  conjunctiva  it  is  200  per  cent, 
for  retina  and  ganglion  cells  100  per  cent,  for  the  conjunctiva  200  per  cent. 
The  lens  is  more  sensitive  to  permanent  damage  than  the  hair  papillae 
of  the  lid  (168,  301,  302).  The  dosage  necessary  to  produce  chronic 
damage  is  not  so  great  as  that  producing  acute  damage,  provided  that 
sufficient  length  of  time  is  allowed  to  pass  for  the  chronic  changes  to 
occur  (301,  302). 

Desjardins  (72)  has  very  carefully  reviewed  the  experimental  work 
done  on  the  eye.  He  points  out  that  the  conjunctiva  and  the  eyelids 
have  about  the  same  sensitivity  as  the  skin  and  the  resultant  changes, 
while  they  are  perhaps  slightly  more  severe,  pass  through  the  same  cycle 
of  latent  period,  injection  of  vessel,  loss  of  hair,  inflammation,  and  ulcera- 
tion. The  cornea,  iris,  ciliary  bodies,  and  retina  are  increasingly  more 
resistant  in  the  order  named.  Changes  may  occur  in  the  capillaries  in 
any  portion  of  the  eye.  These  are  identical  with  changes  described  for 
the  capillaries  elsewhere  {i.e.,  the  skin). 

The  painful  conjunctivitis  and  photophobia  following  exposure  of 
the  human  eye  to  ultra-violet  radiation  are  well  known.  Verhoeff  and 
Bell  (361)  have  done  the  best  work  on  the  effects  of  ultra-violet  radiation 
on  the  eye,  showing  that  in  rabbits  destructive  changes  can  be  brought 
about  in  the  retina,  as  well  as  in  the  cornea  and  the  lens.  There  is 
considerable  discussion  about  the  effects  of  various  wave-lengths  and 
whether  or  not  the  effects  are  primarily  due  to  ultra-violet  or  infra-red 
after  absorption  (156,  191,  218). 

EAR 

Desjardins  (72)  has  pointed  out  that  very  little  work  has  been  done 
on  the  effect  of  radiation  upon  the  ear.  Most  of  the  data  reported 
concerned  cases  in  which  abnormal  conditions,  either  surgical  laceration 
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or  mechanical  disturbances  from  the  appUcation  of  the  radium,  confused 
the  issue  so  much  that  very  Uttle  definite  data  concerning  the  effects  upon 
the  normal  ear  systems  are  available.  Girden  and  Culler  (117)  gave 
various  amounts  of  radiation  at  50  to  85  kv.  with  various  filters  to  dogs 
over  the  ear;  the  doses  varied  from  400  r  in  18  weeks  up  to  11,162  r  in 
25  weeks.  They  obtained  severe  damage  to  the  skin  and  an  anemia. 
With  very  careful  testing  they  seemed  to  show  an  initial  rise  in  auditory 
acuity  following  small  doses,  but  this  lasted  2  to  3  weeks  only.  Deafness 
was  not  produced.  The  experiments  may  be  criticized  by  the  suggestion 
that  the  dosage  was  spread  over  too  long  a  period  of  time  and  the  con- 
clusion may  be  drawn  that  huge  amounts  are  necessary  to  bring  about 
changes,  partly  because  of  the  position  of  the  ear  within  the  bony  struc- 
ture and  partly  because  of  the  difficulty  in  delivering  a  high  dosage  with 
this  low  voltage  to  the  auditory  mechanism.  It  is  very  likely  that  if 
this  problem  is  investigated  it  will  be  possible  to  show  damage  to  all 
parts  of  the  structure  of  the  inner  ear.  The  muscle  attached  to  the 
drum,  the  blood  vessels,  and  the  nerves  are  probably  as  resistant  to 
radiation  effects  here  as  elsewhere  unless  the  proper  depth  dose  is 
administered. 

NERVE  TISSUE 

Brain. — Lyman,  Kupalov,  and  Scholz  (206),  in  the  best  review  of  the 
German  and  Russian  literature  (cf.  215,  288,  401)  find  general  agreement 
that  roentgen  irradiation  in  therapeutic  doses  causes  no  damage  to  the 
adult  central  nervous  system  or  to  its  function.  Intensive  irradiation 
may  cause  changes  in  blood  vessels  and  perhaps  temporarily  reduce  the 
secretion  of  the  spinal  fluid  (68).  While  the  radiation  in  18  to  20  human 
erythema  doses  may  alter  the  function  of  the  central  nervous  system, 
this  does  not  seem  to  be  due  to  primary  action  upon  the  cells  of  the 
cortex  (206).  The  excitability  of  the  cortical  cells  may  be  lowered, 
as  determined  by  conditioned  reflexes,  but  this  seems  to  be  secondary  to 
changes  in  the  blood  supply.  The  irradiation,  even  when  directed  at  a 
single  area,  causes  a  diffuse  physiological  and  pathological  effect,  involv- 
ing the  subcortex  as  well  as  the  cortex  and  probably  also  the  vegetative 
nervous  system.  Histological  studies  show  diffusely  scattered  degenera- 
tive change  in  the  precapillaries  and  capillaries  of  the  brain  within  6 
weeks.  One  dog,  allowed  to  live  6  months,  exhibited  signs  of  diffuse 
damage  to  the  functions  of  the  cortex  and  subcortex,  i.e.,  ataxia,  tremb- 
ling, and  weakness.  Histological  studies  showed  advanced  degenerative 
changes  with  hyalinization  and  obliteration  of  the  arterioles  and  several 
extensive  areas  of  necrosis  in  the  brain.  Direct  injury  to  the  nerve 
parenchyma  by  irradiation  is  not  probable  in  view  of  the  focal  destruc- 
tion of  fibers  in  the  chiasm  and  nature  of  the  diffuse  degenerative  changes 
which  vary  in  different  places.     Furthermore,  the  lesions  were  no  less 
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prominent  throughout  the  frontal  region,  which  was  not  irradiated. 
The  main  injury  thus  was  related  to  the  blood  vessels,  even  those  of 
considerable  size. 

Bagg  (12,  90)  showed  a  focal  destruction  and  occasionally  cyst  forma- 
tion produced  in  the  brain  by  the  implantation  of  radon  in  glass  capil- 
laries. Cairns  and  Fulton  (33)  placed  radon  seed  screened  with  3  mm. 
platinum  beside  the  spinal  cord  and  within  the  dura  on  the  dorsal 
surface  in  the  lower  dorsal  region.  Doses  varying  from  9.8  to  31.3  mc. 
caused  complete  paraplegia  within  a  few  days  in  cats. 

Pendergrass  et  al  (265)  report  that  after  exposure  of  the  brain  and 
cord  of  dogs  to  1000  mg.  hr.  of  radium,  an  extensive  edema  of  the  irra- 
diated tissues  is  produced  with  severe  symptoms,  suggesting  the  produc- 
tion of  considerable  damage  and  elaboration  of  connective  tissue.  This 
is  somewhat  dependent  upon  the  region  irradiated. 

Peripheral  Nervous  System. — Swann  (345)  thought  that  the  sympathet- 
ic nervous  system  was  more  sensitive  after  short  exposure  and  depressed 
after  long  exposure,  though  his  experiments  are  open  to  serious  objec- 
tions. Langer  (190)  reviews  the  effect  of  roentgen  rays  on  the  autonomic 
nervous  system;  he  concludes  that  the  irradiation  has  a  depressing  effect. 
Salinger  and  Thiel  (315)  irradiated  in  patients  the  superior  cervical 
ganglion  and  ciliospinal  center  of  one  side.  They  report  changes  of 
pressure  in  the  eyeball  with  protrusion  of  the  bulb  with  later  retraction 
and  pupillary  dilation.  They  posulated  that  roentgen  rays  had  a 
definite  influence  on  the  vegetative  nervous  system.  This  has  not  been 
checked  in  animals  and  in  view  of  the  pathology  present  in  such  patients, 
the  proof  of  this  contention  is  still  lacking  in  the  reviewer's  opinion  (for 
bibliography  see  41,  128,  206,  236).  Regaud  (292),  Warren  (371,  372) 
and  others  have  noted  the  presence  of  apparently  intact  ganglion  cells 
and  plexus  cells  in  various  organs  severely  damaged  by  irradiation, 
especially  stomach  and  intestine. 

Where  changes  in  growth  have  been  obtained,  this  is  best  explained 
by  the  possibility  of  producing  damage  to  the  special  glands  connected 
with  the  central  nervous  system,  especially  the  pituitary. 

Del  Buono  (67)  irradiated  the  pituitary  region,  in  rabbits  and  thought 
he  detected  slight  changes  in  blood  pressure  with  return  to  normal  in  24 
hr.  There  were  also  a  leucocytosis  and  hyperglycemia,  but  in  general 
the  amounts  of  change  found  are  within  the  experimental  error  when 
rabbits  are  used. 

The  excitation  of  pain  in  the  end  organs  in  the  skin  when  the  latter 
are  damaged  does  not  necessarily  indicate  that  the  end  organs  themselves 
or  the  nerve  trunks  have  been  directly  damaged  by  the  radiation,  but 
they  are  secondary  indicators  of  the  damage  produced  in  the  local  struc- 
tures. There  are  acute  changes  in  the  skin  following  intensive  irradia- 
tion which  are  accompanied  by  pain  only  during  the  height  of  the  skin 
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reaction.  The  majority  of  the  painful  skin  lesions  reported  are  of  the 
chronic,  degenerative  type.  In  areas  of  severely  damaged  skin  where  the 
production  of  severe  pain  is  of  such  great  chronicity  as  that  described  in 
radiologists  and  patients  having  roentgen  ulcers,  the  mechanism  is 
probably  one  of  scarring  and  contracture  of  connective-tissue  around 
nerve  endings  and  thus  related  to  damage  of  the  connective-tissue  cells 
rather  than  direct  damage  to  the  nerve  trunk  or  nerve  endings  themselves 
(78). 

It  should  be  pointed  out  that  the  symptoms  resulting  from  changes 
brought  about  in  the  central  nervous  system  by  irradiation  will  vary  in 
accordance  with  the  location  of  the  lesions  produced.  While  it  is  reason- 
able to  expect  that  there  will  be  certain  variations  in  sensitivity  of  the 
various  cell  types  which  go  to  make  up  the  brain  and  cord  and  ganglia, 
the  symptomatology  may  be  generalized  rather  than  specific.  The 
skull  diminishes  appreciably  the  effective  dosage  delivered  to  the  brain 
substance.  It  should  be  possible  to  bring  about  disturbances  in  the 
spinal  fluid  mechanism  through  chronic  damage  of  the  blood  vessels  of 
the  choroid  plexus  wherein  changes  might  be  produced,  such  as  those 
brought  about  in  capillaries  elsewhere  (kidney,  skin,  heart,  etc.).  It  is 
likely  that  further  studies,  patterned  after  the  experiments  of  Lyman 
et  al  (206),  though  complicated  in  execution,  would  yield  considerable 
information  concerning  minor  changes  in  brain  cells  which  may  be  of 
transitory  or  of  permanent  character.  Conditioned  animals  should  be 
used  for  such  experiments.  Reports  of  changes  in  the  vegetative  nervous 
system  are  in  the  reviewer's  opinion  as  yet  controversial.  This  field  is 
open  to  research  but  should  be  investigated  only  by  those  well  trained  in 
studying  this  system  from  other  points  of  view. 

BONE  AND  CARTILAGE 

Bone  and  cartilage  (see  also  section  on  Teeth)  are  resistant  to 
roentgen  radiation.  It  is  common  therapeutic  knowledge,  however, 
that  cartilage  may  be  damaged  by  very  intensive  irradiation  for  car- 
cinoma, especially  in  the  neck  region  where  the  structures  of  the  larynx 
and  trachea  may  be  severely  damaged  and  the  cartilage  may  slough 
whenever  intensive  cross-fire  dosage  is  used  (cf.  95,  397). 

Phemister  (269)  inserted  a  12.5-mg.  needle  of  radium  into  the  lateral 
surface  of  the  condyle  region  of  the  femur  of  the  dog  for  18  hr.  There 
was  necrosis  of  the  bone  and  cartilage  with  disintegration  of  the  marrow. 
White  fibrous  connective  tissue  with  very  few  cells,  filled  the  marrow 
spaces;  cartilage  was  partially  replaced  by  fibrocartilage.  Instead  of  the 
formation  of  a  sequestrum,  there  was  a  very  slow  creeping  replacement  of 
the  necrotic  bone  by  new  bone,  unless  infected.  There  was  considerable 
destruction  of  the  surrounding  soft  tissue  which  contributed  to  the  delay 
in  heahng.     Placing  37.5  mg.  near  the  shaft  of  the  femur  for  20  hr. 
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apparently  killed  the  bone  immediately  around  the  irradiated  area  with 
slow  attempt  at  repair  at  the  periphery.  The  periosteum,  cortex,  and 
medullary  contents  were  killed  by  the  radium  radiation.  The  dead  bone 
remained  attached  to  the  living  bone  and  survived  for  250  days.  Frac- 
tures occurred  in  some  of  his  animals  with  overriding.  If  the  bone  is 
not  used  for  weight  bearing,  the  necrotic  bone  will  be  sequestrated  and 
very  slowly  absorbed. 

Moderate  doses  of  roentgen  radiation  caused  a  decrease  in  the  quan- 
tity of  the  callus  of  recently  fractured  bone  in  rabbits  (109,  110)  and 
seemed  to  increase  the  speed  of  healing.  Large  doses  caused  no  callus  to 
appear  for  2  weeks  and  then  there  was  an  increase  in  the  amount  of 
callus  over  the  normal,  but  the  total  time  for  healing  was  greatly 
increased.     Others  (247)  found  no  change  in  the  healing  of  fractured  bone. 

Ewing  (95)  has  described  a  form  of  chronic  osteitis  following  irradia- 
tion, a  proliferative  process  which  is  probably  secondary  to  harm  done 
rather  than  a  primary  stimulative  reaction.  Bone  close  to  the  skin 
when  irradiated  heavily  may  develop  a  productive  osteitis  with  hard 
brittle  bone.  The  periosteum  being  thickened  and  hyaline,  flakes  of 
necrotic  bone  appear,  and  the  shaft  is  greatly  increased  in  thickness. 
The  bone  marrow  is  deprived  of  its  cells  and  is  reduced  to  a  mass  of 
mucinous  fat  and  connective  tissue.  It  may  be  necessary  to  lay  down 
entirely  new  bone,  because  to  all  intents  and  purposes  the  severely 
irradiated  bone  is  dead.  This  is  especially  true  of  intensive  irradiation 
of  the  jaw  and  ribs  (20,  105).  Similar  sensitivity  of  bone  to  radiation  has 
been  noted  by  Martland  (212)  as  the  result  of  the  deposit  of  radioactive 
substances  in  the  bones  of  painters  of  luminous  dials,  in  whom  wide- 
spread necrosis  of  the  jaw  occurred.  Here  also,  as  is  the  case  after 
roentgen  irradiation,  secondary  bacterial  invasion  of  bone  injured  by 
radiation  is  a  factor.  The  injury  to  bone  in  dial  painters  is  much  more 
severe  than  has  yet  been  described  after  roentgen  irradiation,  because  the 
action  of  the  deposited  radium  and  mesothorium  compounds  is  con- 
tinuous over  a  period  of  years.  Furthermore,  alpha  radiation  as  well 
as  beta  and  gamma  radiation  has  its  source  in  intimate  contact  with  the 
cells  and  irradiates  them  intensely.  In  rats,  60  per  cent  of  the  material 
injected  was  reclaimed  from  the  mandibles  (350).  Such  continuovis 
action  leads  not  only  to  necrosis  of  the  shaft  and  increased  calcification  in 
the  ends  of  the  bones  (350)  but  also  to  diffuse  radiation  osteitis  and  to 
injury  to  the  hematopoietic  system  (212,  350,  360).  As  still  another 
possibihty  in  the  chain  of  evils  caused  by  the  deposition  of  radioactive 
materials  in  bone,  Martland's  (212)  most  recent  contribution  calls 
attention  to  the  occurrence  of  osteogenic  sarcoma  of  bone  in  2  radium 
dial  painters. 

Teeth. — Leist  (195)  exposed  the  jaws  of  young  rats  to  large  doses  of 
unfiltered  radiation  and  found  signs  of  definite  injury  to  the  odontoblasts 
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which  are  especially  sensitive.  The  dentine  structures  are  destroyed, 
but  the  enamel  is  not  much  changed.  Smaller  doses  bring  about  pulp 
atrophy.  The  further  development  of  the  teeth  is  retarded.  In  the 
dog,  growth  of  the  teeth  may  be  stopped  altogether  and  they  may  fall  out. 
In  such  a  case  the  periodontoid  tissues,  alveolar  bone,  and  the  bone 
marrow  of  the  jaw  are  injured,  and  the  development  of  the  entire  jaw 

retarded. 

In  humans  even  mature  teeth  may  undergo  atrophy  and  fall  out  on 
exposure  to  strong  doses  of  roentgen  rays  or  radium.  Injury  to  the  teeth 
appears  to  be  due  to  the  absence  of  saliva.  Exposure  of  the  pregnant 
uterus  to  radiation  has  been  known  to  inhibit  dental  development  in  the 
child,  but  this  is  probably  the  result  of  interference  with  general  growth 
(74). 

HEMATOPOIETIC  SYSTEM 

A  discussion  of  the  influences  of  irradiation  upon  cellular  elements  of 
the  blood  must  be  divided  up  into  a  study  of  the  various  cells  and  the 
organs  concerned  with  the  production  of  these  various  elements  (369). 

The  spleen  and  lymph  nodes  have  long  been  known  to  contain  large 
numbers  of  lymphocytes  sensitive  to  radiation  (147,  165,  170,  236,  334). 
Akaiwa  et  al.  (6)  studied  the  changes  in  excised  popliteal  lymph  nodes  of 
the  rabbit  at  various  intervals  following  one-third  to  2  human  skin 
erythema  doses  (0.08  A).  The  destructive  changes  brought  about  were 
proportional  to  the  dose.  Within  the  first  12  hr.  there  is  an  increase  in 
size  of  the  lymph  node  with  nuclear  disintegration,  especially  of  the 
lymphocytes,  and  decomposition  of  germinal  centers  with  "cellular 
infiltration,  congestion,  and  exudation."  Mitotic  figures  were  seen  only 
following  small  doses  but  not  after  large  doses.  In  the  period  between 
12  hr.  to  5  days  after  irradiation,  there  is  phagocytosis  and  removal  of 
debris.  After  5  days  the  damaged  areas  are  filled  in  with  connective- 
tissue  cells.  This  article  and  its  illustrations  are  worth  a  careful  perusal. 
The  changes  in  the  spleen  resemble  in  every  detail  those  noted  above  for 
the  lymph  node  (65,  147,  208,  220,  369,  371,  372).  The  spleen  may  be 
reduced  to  a  stroma  remnant  showing  nothing  but  connective  tissue, 
reticulum,  and  blood  vessels  (84,  334)  after  intensive  irradiation  of  either 
single  massive  or  repeated  dosage. 

The  extreme  sensitivity  of  the  lymphocytes  has  been  shown  by  Murphy 
(249,  250)  who  was  able  with  repeated  very  small  doses  of  low-voltage 
roentgen  radiation,  to  deplete  the  lymphocytes  in  laboratory  animals 
without  changing  appreciably  the  numbers  of  other  circulating  cells  in 
the  blood.  The  lymphocytes  were  depleted  to  their  lowest  level  about 
18  hr.  after  the  last  irradiation.  The  return  to  normal  depended  upon 
the  amount  of  dosage  in  some  cases  requiring  1  to  2  months.  The  dosage 
used  caused  no  appreciable  change  in  the  bone-marrow  cells  of  these  mice. 
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There  have  been  many  recent  studies  of  the  circulating  white  hlood 
cells  of  patients  and  workers  (81,  125,  143,  178,  180,  234,  243)  showing 
that  a  leucopenia  develops  no  matter  what  the  method  of  irradiation  or 
wave-length  used,  the  same  proportionate  fall  occurring  after  the  pro- 
tracted, fractional  irradiation  that  occurs  after  the  massive-dose  irradia- 
tion or  the  use  of  Grenz  rays  (112,  113).  Zwerg  (404)  irradiated  a  fold 
of  skin  on  the  back  of  rats  and  found  that  a  leucopenia  was  produced 
from  which  the  animal  recovered  within  a  week,  suggesting  that  the 
effect  was  upon  the  circulating  cells  only.  Irradiation  (600  r)  of  one  of 
a  parabiotic  pair  was  followed  by  a  similar  drop  and  rise  with  a  later  fall 
in  the  white-blood-cell  count  of  both  animals.  The  changes  are  due  to 
a  relative  fall  in  the  lymphocytes  and  an  apparent  rise  of  polymorpho- 
nuclear cells  in  both  animals.  Injection  of  thorium  X  into  mice,  guinea 
pigs,  and  chickens  showed  similar  inhibition  (destruction)  of  lympho- 
cytes and  macrophages  (364).  In  culture,  this  amount  did  not  affect 
the  fibroblasts  but  did  damage  the  lymphocytes  thus  indicating  even  in 
vitro  the  greater  sensitivity  of  the  adult  lymphocytes. 

In  vitro  exposure  of  human  neutrophile  leucocytes  (granulocytes) 
indicates  that  the  chief  immediate  biological  effect  of  irradiation  with 
either  roentgen  or  gamma  rays  or  visible-light  rays  is  the  immobilization 
of  the  granulocytes,  and  structural  changes  followed  by  death  do  not 
occur  until  later  (186,  365). 

A  few  workers  report  a  leucocytosis  immediately  after  irradiation 
and  apparently  this  is  common  in  rabbits,  but  within  24  hr.  there  is  a 
definite  leucopenia  in  all  animals  and  in  the  human  being.  The  leuco- 
cytosis resulting  from  the  injection  of  colloidal  silver  or  turpentine 
abscesses  afforded  no  protection  against  a  terminal  leucopenia  following 
irradiation  of  the  bones  of  dogs  nor  is  the  leucopenia  affected  by  transfu- 
sion (334).  Platelet  disturbances  have  been  reported  by  Lacassagne 
(186,  188,  see  also  334)  in  rabbits.  Wright  and  Bullman  (396)  have 
reported  a  decrease  in  platelets  in  the  cat  after  prolonged  treatment. 
The  number  of  circulating  white  blood  cells  in  animals  vary  greatly 
from  time  to  time.  It  is  the  reviewer's  opinion  that  many  laboratory 
animals  are  very  unsatisfactory  for  such  study,  since  considerable  vari- 
ation in  the  blood  cells  is  apt  to  occur  under  laboratory  conditions. 

Many  workers  have  failed  to  produce  hemolysis  of  the  red  blood  cells 
in  vivo  (180,  334)  or  in  vitro  (81,  180,  334)  or  to  change  the  response  to 
hypertonic  and  hypotonic  solution  (fragility)  after  doses  as  high  as 
16  erythema  doses  (180,  334,  338,  348).  Holthusen  (158)  was  able  to 
produce  hemolysis  in  vivo  and  the  production  of  methemoglobin  in  the 
circulating  blood  with  50  human  erythema  doses. 

Goulston  (129)  reported  in  the  human,  rat,  and  fowl  bloods  an 
increase  in  the  fragility  of  the  red  blood  corpuscles  after  irradiation  with 
8400  mg.  hr.  of  lightly  filtered  radium.     There  is  an  apparent  difference 
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between  the  effects  upon  the  nucleated  cells  (more  sensitive)  and  the 
non-nucleated  cells.  For  cathode  electron  effects  see  Hausmann  and 
Zakovsky  (140),  Langendorff  et  al.  (189). 

Kromeke  (180)  states  that  rabbits  exposed  over  the  whole  body  to 
1  to  20  H.E.D.,  showed  plainly  a  polycythemia,  an  increase  sometimes  as 
high  as  28  per  cent  in  the  red  blood  cells  after  a  latent  period  of  3  to  5 
days.  In  some  rabbits,  the  highest  red-blood-cell  count  was  reached  on 
the  8th  day,  when  there  was  an  increase  of  about  a  million.  This 
decreased  later  and  in  some  rabbits  anemia  developed.  The  hemo- 
globin kept  parallel  to  the  red-blood-cell  count,  but  the  color  index 
dropped  somewhat  in  the  longer  experiments  due  to  the  young  cells. 
The  refractive  index  of  the  serum  proteins  usually  decreased.  There 
was  usually  a  leucopenia  which  was  more  or  less  transitory.  Nucleated 
red  cells  were  not  seen,  nor  were  eosinophilic  or  basophilic  cells  ever  seen 
in  the  smears  of  the  blood.  There  was  a  normal  count  of  polychromato- 
philic  cells.  Apparently  the  bone  marrow  had  used  up  its  reserve  and 
was  making  new  cells.  This  would  account  for  the  drop  in  hemoglobin 
and  color  index  (180,  351).  Some  believe  a  stimulation  of  marrow  cells 
may  even  be  produced  (Bucky  and  Guggenheimer,  32). 

Bone  Marrow. — The  precursors  of  the  circulating  blood  cells  in  the 
marrow  are  sensitive  to  irradiation,  perhaps  even  more  so  than  the  adult 
lymphocytes,  because  of  the  relatively  smaller  dose  that  may  be  given 
to  them  directly,  i.e.,  through  the  bones  (291,  334).  The  acute  changes 
which  occur  in  the  hemopoietic  system  of  dogs  following  total  destruction 
of  the  bone  marrow  by  1700  r  over  the  skeleton  with  the  intestines  pro- 
tected, produces  an  acute  agranulocytosis,  a  sudden  disappearance  of 
platelets  (7  to  8  days)  and  a  sudden  and  fatal,  diffuse,  capillary  hemor- 
rhage within  a  circumscribed  time  interval  (8  to  9  days  after  irradiation) 
(334).  The  clinical  picture  is  that  of  a  normal  active  dog  for  6  to  7  days, 
then  suddenly  anorexia  and  occasional  vomiting  develop  but  no  severe 
intoxication.  The  circulating  white-blood-cell  counts  decreased  from 
15,000  per  mm.^  before  irradiation  to  25  to  200  (all  polymorphonu- 
clears and  large  mononuclear  cells)  on  the  sixth  day  and  remained  at  the 
extremely  low  level  of  25  to  100  per  mm.^  up  to  exitus.  Doubling  the 
dosage  or  large  transfusions  did  not  change  this  sequence  of  events. 
Gross  and  microscopic  hemorrhages  were  found  in  most  tissues.  The 
red  blood  corpuscles  were  well  preserved  throughout  the  experiment  and 
showed  no  hemolysis  or  increased  fragility.  There  were  no  nucleated 
forms,  nor  was  there  increase  in  reticulated  forms.  The  platelets  dis- 
appeared from  blood  smears  the  day  before  exitus.  This  was  probably 
responsible  for  the  diffuse  hemorrhagic  phenomena  (383).  Only  an 
occasional  megakaryocyte  was  found  in  the  spleen  and  none  in  the  bone 
marrow  (334).  The  bone  marrow  was  depleted  of  all  of  its  cellular 
contents  except  for  the  connective-tissue  stroma,  fat  cells,  blood  vessels 
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and  capillaries,  and  phagocytes.  There  were  occasional  islands  of 
plasma  cells  and  a  few  normoblasts.  The  substance  of  the  spleen  and 
lymph  nodes  was  greatly  reduced  and  the  germinal  centers  were  visible 
only  as  remnants.  These  organs  contained  a  few  round  cells,  many  of 
which  showed  mitotic  figures.  Large  phagocytes  enclosing  brown  pig- 
ment and  fragments  of  red  blood  cells  were  present  in  the  marrow,  lymph 
nodes,  and  spleen.  The  persistence  of  these  phagocytes  in  the  presence 
of  total  destruction  of  the  lymphoid  and  myeloid  systems  suggests  that 
they  are  either  very  resistant  to  radiation,  which  is  hardly  likely,  or  that 
they  are  formed  after  irradiation  from  local  structures,  probably  from 
the  capillary  endothelium.  The  clotting  power  of  the  blood  was  not 
disturbed  in  these  experiments.  The  hematocrit  readings  fell  on  the 
average  10  per  cent  during  the  course  of  the  experiment,  the  greatest 
drop  occurring  within  the  last  few  days. 

If  one  or  more  vertebrae  were  not  included  in  the  field  of  radiation, 
the  animal  recovered  from  the  acute  intoxication  (334).  In  such  cases 
the  circulating  leucocytes  did  not  drop  below  500  white  blood  cells  per 
mm.^  and  platelets  were  present  in  the  blood  smears  at  all  times.  These 
animals  slowly  recovered  from  the  leucopenia  and  survived.  There  was 
a  total  lack  of  tissue  and  white-blood-cell  reaction  to  any  intercurrent  bac- 
terial or  acute  respiratory  infection,  probably  because  of  the  leucopenia. 

Localized  irradiation  of  bone  marrow  or  subtotal  destruction  of  the 
marrow  is  followed  by  active  regeneration  (36,  240,  335).  Normally 
fatty  marrow  may  become  erythropoietic  (180).  The  irradiated  marrow 
cells  (guinea  pigs)  showed  changes  quite  early  (335),  consisting  of  degen- 
eration and  later  complete  destruction.  These  changes  affected  the 
myeloid  cells  as  well  as  the  erythrocytic  cells.  The  former  were  more 
sensitive  and  regenerated  less  rapidly.  Even  after  irradiation  with 
small  repeated  doses,  which  caused  an  increase  of  red  and  white  cells  in 
the  circulating  blood,  the  histological  findings  in  the  bone  marrow  always 
showed  degenerative  changes.  Unirradiated  bone  marrow  at  a  distance 
from  that  irradiated  showed  changes  in  the  morphology  and  distribution 
of  the  cells.  The  megakaryocytes  showed  extensive  nuclear  injury, 
the  percentage  of  immature  red  cells  was  markedly  increased,  the  red 
cells  predominated  over  the  white,  and  the  polymorphonuclears  were 
greatly  decreased  in  number  in  the  marrow,  though  if  the  doses  were 
small  both  these  and  the  myelocytes  remained  normal  (335).  Among 
the  normal  bone-marrow  cells  Casati  (36)  found  that  50  days  after 
irradiation  (rabbits)  round  nuclei  predominated,  either  with  or  without 
granules;  there  were  only  a  few  transition  forms.  There  were  also  many 
cells  which  made  up  a  part  of  the  reticulum  that  contained  granules 
similar  to  those  of  myelocytes  and  which  might  be  interpreted  as  transi- 
tion forms.  They  showed  a  tendency  to  develop  toward  the  more 
differentiated  normal  forms.     These  changes  occurred  in  various  grada- 
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tions,  no  matter  what  the  dose  used  and  what  the  bone  irradiated. 
These  changes  were  not  in  proportion  to  the  changes  in  the  circulating 
blood. 

This  procedure,  of  irradiating  only  a  part  of  the  marrow  and  studying 
the  stimulus  or  compensatory  changes  brought  about  in  unirradiated 
areas,  should  yield  some  valuable  information  regarding  the  response  of 
the  bone  marrow  to  the  sudden  needs  of  blood  regeneration.  Such  work 
should  be  done  on  dogs  which  have  a  stable  hematopoietic  system. 
Further  work  with  total  destruction  of  the  bone  marrow  should  yield 
very  interesting  information  concerning  the  life  cycle  of  the  components 
of  the  bone  marrow  or  the  myeloid  series,  but  of  course  the  experiments 
will  be  complicated  by  the  tendency  of  the  animal  to  bleed,  owing  to  the 
thrombocytopenia.  It  is  impossible  at  present  to  tell  whether  the 
irradiated  normoblasts  in  the  marrow  have  matured  into  adult  red  blood 
corpuscles  or  have  been  destroyed  with  a  few  surviving  in  statu  quo. 
Their  precursors  are  evidently  destroyed  readily  by  the  dosage  used. 
Total  destruction  of  marrow  activity  with  essentially  similar  results 
may  likewise  be  brought  about  by  injection  of  sufficient  amounts  of 
radioactive  materials  (30,  49,  186,  188,  326,  350,  360,  383). 

The  coagulating  power  of  the  blood  is  not  affected  except  in  therapeutic 
cases  irradiated  for  castration  or  hyperthyroidism,  where  it  fluctuated 
in  amount  (200).  Pagniez,  Ravina,  and  Solomon  (261)  were  unable  to 
show  any  changes  in  the  coagulation  time  of  the  blood  in  vitro,  but  the 
coagulation  time  was  rapidly  accelerated  in  most  of  their  human  cases  of 
blood  dyscrasia  with  irradiation  of  between  100  to  500  r.  There  were  a 
few  reports  in  which  no  reaction  appeared  (23,  308,  334). 

Pohle  (274)  studied  the  reticulo-endothelial  system  of  rabbits  exposed 
to  doses  varying  from  150  to  300  r  over  the  spleen  or  over  the  whole 
body.  He  points  out  that  there  is  considerable  variation  in  the  effects 
produced  and  believes  that  there  is  some  increase  of  the  speed  of  elimina- 
tion of  Congo  red  or  trjrpan  blue  following  these  small  doses  (300  r). 
Doubling  the  dose  causes  the  changes  to  approach  more  nearly  normal 
values.  The  significance  of  these  experiments  is  not  clear,  yet  the  idea 
behind  them  is  of  merit.  The  use  of  graded  dosage  and  a  better  method 
of  demonstrating  functioning  endothelial  phagocytes  might  be  of  value 
(cf.  399,  400). 

Thorsness  (352)  irradiated  (34  to  3^  erythema  doses)  the  foreign-body 
reaction  (aleuronate  abscesses)  in  rabbits  and  found  that  the  abscesses 
were  reduced  in  size  and  the  absorption  of  the  particulate  materials 
increased.  Apparently  there  is  an  early  degeneration  of  fibrin  before  the 
tissues  have  established  this  function.  There  is  destruction  of  lympho- 
cytes and  macrophages,  and  hyalinization  and  calcification  in  the  areas, 
the  true  destructive  changes  of  these  cells  being  evident  one  day  after 
irradiation  exposure  (see  also  217). 
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There  has  been  considerable  interest  in  the  effect  of  radioactive 
materials  introduced  directly  into  the  body.  Perhaps  the  most  complete 
experimental  work  is  that  of  Thomas  and  Bruner  (350)  who  injected 
into  young  rats  40  to  60  fxg.  of  radium  chloride  over  126  to  191  days. 
This  produced  a  marked  secondary  anemia  and  caused  the  death  of  some 
rats.  The  bone  marrow  was  aplastic  except  for  an  area  of  hyperplasia 
in  the  central  two-thirds  of  the  shafts  of  the  long  bones.  Growth  was 
retarded  and  there  was  a  decrease  of  the  calcification  in  the  central  por- 
tion of  all  bones  and  calcification  was  concentrated  near  the  joints.  The 
lymphocytes  in  the  spleen  and  lymph  nodes  had  been  destroyed  and  there 
seemed  to  be  an  increase  in  the  number  of  lymphoblasts,  plasma  cells, 
and  giant  cells.  Extramedullary  myelopoiesis  was  marked  in  the  spleen 
and  lymph  nodes  and  present  to  a  slight  extent  in  the  liver.  There  was 
degeneration  of  many  of  the  cells  in  the  adrenals.  There  was  some  non- 
inflammatory degeneration  and  fibrosis  of  the  myocardium  of  a  few  rats 
with  shrinkage  of  the  liver.  There  was  a  parenchymatous  nephritis  with 
numerous  areas  of  calcification  in  the  kidney.  Various  stages  of 
degeneration  in  the  tubules  of  the  testes  were  noted.  Normal  ovarian 
folUcles  were  noted  and  the  destruction  of  embryos  was  occasionally 
found.  Frequently  the  periosteum  at  the  costochondral  junctions  was 
involved  by  hyperplastic  changes  and  often  both  caries  and  repair  were 
present.  The  thyroid,  parathyroid,  and  pancreas  showed  no  change. 
There  was  recovered  99  per  cent  of  the  radium  from  the  bone,  though 
60  per  cent  of  this  was  found  in  the  mandibles  (see  Martland,  212).  The 
kidneys  and  intestines  contained  the  largest  amounts  present  in  soft 
tissues.  Embryos  contained  3.6  per  cent.  The  radioactive  material 
was  deposited  with  the  calcium  at  the  knee  joints  and  vertebrae.  The 
lungs  showed  a  patchy  pneumonia  as  a  terminal  effect  but  no  primary 
damage. 

Valeeff  (360)  studied  the  changes  in  the  blood  following  the  injection 
of  0.5  to  1.0  mg.  of  thorium  X  intravenously  in  rabbits.  He  did  not 
think  there  was  a  direct  effect  of  the  thorium  X  upon  the  erythrocytes, 
although  there  was  a  change  in  their  sedimentation  rate  on  the  first  and 
second  days  and  continuous  variations  in  the  degree  of  leucopenia.  The 
sedimentation  rate,  he  believes,  is  apt  to  depend  upon  damage  to  other 
organs,  especially  the  bone  marrow  (271),  although  he  believes  the 
capillary  system  is  damaged,  too,  and  there  may  be  some  effect  from 
that.  The  leucopenia  depends  upon  damage  of  the  bone  marrow;  the 
lymphocytes  and  monocytes  were  thought  to  be  slightly  more  resistant 
than  marrow  cells  (30,  49,  186,  198,  326,  350,  360,  364,  383).  Barker 
and  Schlundt  (17)  point  out  the  long  duration  with  which  radium  chloride 
may  affect  the  human  body  when  introduced  into  the  circulation  or  by 
mouth,  i.e.,  for  periods  of  at  least  5  years  (314). 
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GONADAL  SYSTEM 

Testis. — Feroux  and  Regaud  (100)  find  that  the  sensitive  cells  in  the 
testis  are  the  basal  cells  and  the  spermatogonads.  The  adult  sperms  are 
apparently  insensitive  since  they  show  no  change  following  irradiation. 
This  is  borne  out  by  fertility  and  in  vitro  motility  tests  on  adult  sperms  in 
rabbits  (8).  Wigoder  (387)  found  that  in  guinea  pigs  and  rats  steriliza- 
tion occurred  usually  at  750  r.  The  latent  period  between  irradiation 
and  complete  destruction  could  be  reduced  by  higher  doses.  The  sperma- 
tocytes were  most  sensitive,  the  spermatogonia  more  resistant.  The 
abnormalities  included  the  formation  of  abnormal  cells  (giant  cells)  the 
overgrowth  of  basal  (Sertoli)  cells,  and  a  high  percentage  of  residual  and 
proliferating  interstitial  tissue.  Complete  steriUty  with  very  large  doses 
could  be  produced  in  the  rat  within  7  days,  which  is  a  shorter  period  than 
that  reported  by  other  observers  (100).  Irradiation  of  live  guinea-pig 
sperm  with  2000  r  at  85  kv.  caused  no  changes,  but  irradiation  of  the 
testis  with  doses  up  to  7000  r  caused  the  sperm  of  the  killed  animal  to  be 
more  active  and  live  longer  than  that  of  the  control  animal.  This  is 
certainly  unexpected  and  contrary  to  the  usual  experimental  results  with 
other  types  of  cells.  Larger  doses  killed  the  animal.  A  review  of  these 
experiments  seemed  to  show  that  the  sperm  from  a  control  testis  had 
precisely  the  same  activity,  so  that  it  is  the  reviewer's  opinion  that 
these  are  normal  variations  and  not  specific  radiation  effects  (cf.  162). 

Adler  (2)  describes  a  decrease  of  the  in  vitro  metabolism  and  an 
increase  of  aerobic  and  anaerobic  glycolysis,  appearing  24  hours  and 
reaching  a  maximum  about  34  days  after  intensive  irradiation.  At  this 
later  time  a  histological  examination  revealed  degenerative  changes  in 
the  nuclei  of  the  sperm-producing  cells.  Lesions  develop  in  the  seminif- 
erous tubules  in  a  zone  of  about  0.6  mm.  depth  after  20  to  30  sec.  expo- 
sure of  the  rat  testis  to  high  voltage  (200  to  250-kv.  cathode  "rays"  or 
electrons  (167).  Shorter  exposure  showed  less  penetration.  The 
spermatogonia,  spermatocytes,  and  spermatids  showed  fragmentation 
and  karyolysis  of  nuclei,  pycnosis,  and  decreased  amount  of  mitosis. 
The  basal  (Sertoli)  cells  are  not  very  much  affected  nor  were  the  inter- 
stitial cells.  There  was  considerable  damage  to  the  scrotal  skin  with 
acute  necrosis  of  the  epidermal  and  hair-follicle  epithelium  and  vascular 
damage.  The  collagenous  fibrils  of  the  corium  were  hyalinized  and  fused. 
Omry. —Gricouroff  and  Murray  (130)  give  probably  the  most  com- 
plete description  of  the  changes  brought  about  by  roentgen  irradiation  in 
ovogenesis.  In  a  comparison  of  295  mice  of  a  highly  in-bred  strain,  they 
used  100  for  control  study  and  irradiated  the  remaining  195  closely  related 
animals  with  various  doses  of  roentgen  rays.  Many  variations  are 
described  in  the  control  ovaries.  This  side-by-side  comparison  of  the 
variations  common  to  unirradiated  and  irradiated  ovaries  is  essential  to 
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examine  the  changes  wrought  by  irradiation  alone.  Similar  age  groups 
must  be  compared  to  show  that  the  folUcular  degeneration  with  zona 
pellucida  remnants  is  different  from  similar  changes  found  among  control 
ovaries.  A  dose  of  54  r  produced  the  first  detectable  change,  one  day- 
after  irradiation,  within  the  structure  of  the  primary  follicles,  in  mice 
between  90  and  250  days  of  age.  Further  changes  are  irregular  in  occur- 
rence up  to  139  days  after  irradiation  when  various  degrees  of  destruction 
are  invariably  present,  although  structural  "sterility"  is  not  uniformly 
obtained.  Exposure  of  150  r  or  more  produces  structural  sterility,  the 
primary  follicles  being  absent  after  2  days  and  all  follicular  elements 
are  absent  by  the  forty-third  day  after  irradiation.  A  dosage  of  54  r  is 
sufficient  to  produce  replacement  of  normal  follicular  elements  by  a 
common  epithelioid  or  luteal-like  structure.  The  replacement  is  com- 
plete, after  doses  of  150  r  or  greater,  within  43  days  after  irradiation. 
A  dosage  of  1800  r  is  lethal  for  adult  mice  of  this  strain  in  4  days  after 
irradiation  [by  diffuse  acute  intestinal  injury?].  The  ovaries  from  mice 
exposed  to  this  massive  dose  show  marked  folhcular  degeneration  after 
one  day.  After  4  days,  all  folhcular  structures  are  found  to  be  degenerat- 
ing (369,  371,  also  46,  86,  104,  171,  177,  179,  211,  214,  251,  253,  262,  384). 

The  tertiary  follicles  in  rabbits  (170  per  cent  human  erythema  dose, 
299)  were  most  sensitive,  the  ovule  being  affected  first.  The  interstitial 
cells  of  the  corpus  luteum  were  the  most  resistant.  The  primary  follicles 
are  not  functionally  damaged  by  this  dosage.  Progeny  from  irradiated 
ovaries  are  less  numerous  and  show  late  development  (85).  Levine  (197) 
demonstrated  that  the  human  erythema  dose  produces  sterility  in  female 
mice  for  5  to  6  months  (329),  males  for  2.5  to  3  months  after  irradiation. 
The  hormones  controlling  sexual  desire  may  not  return  for  6  months  after 
the  irradiation  with  doses  2.5  times  the  castration  dose  (329). 
Unchanged  primary  follicles  in  each  ovary  of  the  rabbit  were  present  with 
dosages  of  1500  mg.hr.  of  radium  placed  over  the  ovarian  site  on  the 
back  (1).  There  were  no  intact  primary  follicles  with  2000  mg.hr.  or 
greater. 

MISCELLANEOUS 

Cutler  (55)  implanted  filtered  and  unfiltered  radon  tubes  in  a  rabbit's 
muscle  and  found  three  zones  of  the  reaction  regardless  of  the  filtration : 
(a)  zone  of  complete  necrosis,  caseation;  (h)  partial  necrosis  of  coagulation 
necrosis;  (c)  zone  of  hyperemia.  This  holds  true  for  similar  dosage  in 
other  tissues.  Smooth  and  striated  muscle  is  quite  resistant  to  radiation 
but  with  sufficient  dosage  will  become  atrophic  or  necrotic  and 
scarred  (79).  In  some  experiments  following  very  high  massive  dosage 
with  sloughing  of  the  skin  the  subcutaneous  tissues  and  muscles  may 
become  hard  and  almost  cartilaginous  in  density  and  hardness.  Much 
of  it  may  become  replaced  by  connective  tissue.     Secondary  infection  is 
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common  and  indolent.     Blood  vessels  tend  to  thrombose  in  such  areas 
(12,  393). 

Wierig  (386)  reports  a  late  injury  with  atrophy  of  the  breast  structure 
of  a  young  girl  (17  years  of  age)  who  had  received  intensive  short-wave 
irradiations  over  the  chest  for  mediastinal  tumor.  There  were  skin 
changes  and  atrophy  of  the  thorax  muscles. 

The  capsule  of  the  thyroid  in  the  dog  is  thickened  only  by  dosages 
which  would  produce  skin  ulcers  (366).  There  is  some  tendency  to 
hyperplasia  of  the  normal  thyroid  and  parathyroid.  Within  several 
months  after  irradiation  there  is  an  increase  in  the  connective-tissue 
stroma  of  the  parathyroid  with  a  slight  decrease  in  the  blood  calcium. 
The  dosage  used  (4  to  12  doses  of  375  r)  at  7  to  14-day  intervals  indicated 
that  clinical  dosage  did  not  affect  the  parathyroid  and  has  relatively  little 
effect  on  normal  thyroid  tissue. 

The  hyperplasia  of  the  thyroid  gland  which  occurs  in  opossums  on  a 
high-protein  (meat)  diet  was  definitely  decreased,  but  not  entirely  pre- 
vented, by  the  irradiation  with  385  r,  at  weekly  intervals  for  4  to  12  doses 
(367). 

Lenz  (196)  exposed  the  thymus  glands  of  young  rabbits  to  very  small 
doses  of  200-kv.  radiation,  i.e.,  one  thirty-fifth  H.E.D.  and  less  without 
demonstrating  any  stimulating  effect  from  these  small  doses  but  on  the 
contrary  found  that  the  normal  resolution  occurs  more  rapidly  after  the 
exposure  to  this  intensity  (cf.  398). 

These  changes  are  hardly  within  the  scope  of  this  review  because  of  the 
wide  ramifications  such  a  discussion  would  entail.  Too  often  the  results 
are  obscured  by  the  fact  that  the  irradiation  is  directed  into  a  tumor 
mass  so  that  the  results  (115,  126,  145,  333,  395)  are  of  interest  from  the 
clinical  standpoint  but  not  indicative  of  normal  tissue  changes.  Much 
of  the  work  in  animals  is  likewise  difficult  to  correlate  because  of  the 
absence  of  suitable  standards  for  normal  findings  under  controlled  labora- 
tory conditions  in  these  animals.  The  type  of  animal  used  varies  a  great 
deal.  The  amount  of  dosage  and  the  tissues  irradiated  must  influence 
the  result  tremendously  (48,  56,  63,  82,  83,  136,  148,  155,  164,  203,  276, 
279,  300,  353,  369).  This  is  very  seldom  considered.  All  too  frequently 
the  chemical  changes  in  the  blood  are  not  correlated  with  a  careful  study 
of  the  kind  or  the  extent  of  injury  produced  (functional  and  anatomical) 
in  the  tissues  irradiated.  Much  of  the  animal  experimental  work  is  done 
with  too  low  dosage  (H.E.D.  or  less)  usually  in  the  expectation  of 
postulating  similar  observations  (usually  negative)  upon  human  cases 
(63,  271,  279).  When  obtained,  the  results  are  not  directly  comparable. 
Adler  and  associates  (2,  3,  4,  5),  for  instance,  exposed  rabbits  to  1000  r 
over  the  backs  and  obtained  a  decrease  in  the  blood-sodium  level  of 
from  6  to  15  per  cent.  In  ill  patients  treated  with  roentgen  or  radium 
radiation  in  their  clinic  no  such  changes  were  found. 
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There  is  need  for  a  careful,  well-correlated  study  of  the  specific 
and  nonspecific  chemical  changes  brought  about  locally  and  generally  by 
both  specific  and  nonspecific  damage  done  to  cell  structure  by  radiation. 
Ideally  this  might  be  done  by  the  collaboration  of  a  biochemist,  a  physiol- 
ogist, a  pathologist,  and  a  radiologist,  each  well  versed  in  his  field. 

SUMMARY 

In  General. — The  specific  effects  upon  organs  and  tissues  of  the  various 
bands  of  radiation  in  the  electromagnetic  spectrum  depend  in  general 
upon  the  physical  character  and  properties  of  these  radiations  and  the 
manner  in  which  they  are  administered.  The  effects  upon  any  given 
organ  or  part  of  an  organ  may  be  general  or  specific.  The  extent  to  which 
damage  may  occur  is  dependent  upon  the  penetrating  and  destructive 
power  of  the  given  band  of  radiation.  Any  given  effect  is  primarily 
due  to  direct  damage  to  cells,  and  is  relative  to  dosage,  and  extends  over 
the  entire  range  from  minimal  damage  to  immediate  or  ultimate  death 
of  the  cell.  In  producing  a  specified  damage  to  a  given  cell  type,  the 
total  quantity  of  the  dosage,  the  duration  of  the  exposure  and  its  inten- 
sity, and  the  intervals  between  partitions  of  dosage,  if  any,  the  rate  of 
growth  and  variations  in  sensitivity  of  the  cell  as  well  as  its  specific 
sensitivity  are  all  interrelated.  Indirect  or  secondary  damage,  through 
injury  to  blood  vessels  or  circulation  of  cell-disintegration  products  is 
possible.     This  is  especially  true  of  blood  vessels  because  of  the  occur- 

o 

rence  of  late  effects  from  wave-lengths  shorter  than  8  A.  Repair  postu- 
lates various  grades  of  abnormal  cells  developed  from  damaged  survivors. 
If  organ  cells  have  been  extensively  destroyed,  capillaries  and  fibroblasts 
may  invade  and  fill  up  the  vacant  space.  Late  degenerative  effects  may 
follow  either  relatively  small  dosage  or  primary  healing  of  acute  injury. 

Since  damage  is  related  to  dosage  of  any  particular  band  of  radiation, 
the  physical  properties  and  especially  the  penetrating  power  determine 
the  effects  which  may  be  produced.  Thus  ultra-violet  radiation  may  be 
expected  to  affect  only  the  more  superficial  structures  while  roentgen 
radiation  should  affect  deeper  structures.  Much  of  the  apparent  resist- 
ance of  an  organ  is  probably  a  result  of  the  screening  effect  of  interposed 
tissues.  The  matter  of  the  depth  dose  available  to  tissues  has  not  been 
worked  out  for  roentgen  and  radium  radiation  in  regard  to  such  a  sensi- 
tivity index.  In  the  bodies  of  small  animals  like  the  mouse  and  rat  or 
in  vitro  tissue  experiments  the  dosage  is  probably  close  to  that  delivered 
to  the  surface.  In  larger  animals  and  especially  in  the  bones  the  dosage 
may  be  quite  different. 

In  Particular. — A  sensitivity  index  can  be  constructed  roughly, 
for  roentgen  radiation.  Taking  all  factors  into  consideration  one  is 
impressed  by  the  high  relative  sensitivity  of  the  bone-marrow  cells  and 
intestinal  crypt  epithelium.     It  is  difficult  to  determine  whether  these 
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very  sensitive  tissues  should  be  placed  above  or  below  the  well  known 
sensitivity  of  the  lymphocyte  and  the  lymphoid  structures  including  the 
spleen,  in  evaluating  their  relative  position  in  the  scale.  The  gonadal 
cells,  especially  the  immature  forms,  are  quite  sensitive  to  roentgen  irradi- 
ation but  less  so  than  those  tissues  just  mentioned.  In  a  descending 
scale  of  sensitivity,  beginning  with  a  moderate  sensitivity,  we  may  list 
certain  tissues  in  the  following  rough  order:  the  thymus,  the  stomach, 
colon,  and  bladder  epithelium;  salivary  epithelium,  probably  kidney 
epithelium,  hair  papillae,  blood-vessel  endothelium,  fibroblasts,  and 
young  connective-tissue  cells  including  collagenous  fibrils.  Next  in  order 
of  sensitivity  are:  the  mucosa  of  the  mouth,  esophagus,  rectum,  and 
vagina,  the  lung  parenchyma,  pleura,  skin  epithelium,  and  the  struc- 
tures of  the  eye.  The  liver  and  adrenal  (cortex  more  than  medulla) 
are  thought  by  some  to  be  relatively  sensitive  but  to  possess  tremendous 
regenerative  power — which  obscures  evidence  of  damage.  This  needs 
clarification.  Next  come  the  smooth,  striated,  and  cardiac  musculatures, 
cartilage,  bone  including  osteoblasts,  teeth,  normoblasts,  Sertoli's  cells, 
and  stroma  cells  of  testes  and  ovary.  There  is  some  doubt  concerning 
the  relative  sensitivity  of  the  pancreas.  The  most  resistant  cells  may  be 
listed  in  the  followdng  order:  adult  thyroid  and  parathyroid  (?),  adult 
pituitary,  brain  and  nerve  cells,  nerve  trunks  and  endings,  tendons  and 
joint  capsules,  i.e.,  adult  speciahzed  connective-tissue  structures,  adult 
sperm  cells,  and  red  blood  cells.  The  red  blood  cells  and  adult  sperm  cells 
have  resisted  the  highest  dosage  administered  to  body  tissues. 
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than  heat.  Conclusions.  Apparatus:  General  description — Push-pull  oscillator — Half- 
wave  oscillator.     References. 

INTRODUCTION 

We  are  already  familiar  with  the  far-reaching  effects  obtained  in 
biology  by  the  use  of  gamma  rays,  of  X-radiation,  of  ultra-violet,  of  light, 
and  of  infra-red.  We  know  that  all  of  these  form  one  great,  continuous 
spectrum  of  electromagnetic  waves,  the  various  regions  of  which  differ 
only  in  wave-length.  Beyond  the  near  infra-red  is  the  radiation  used 
by  radio,  which  extends  this  spectrum  into  regions  of  very  long  waves, 
now  commonly  called  Hertzian  or  electric  waves. 

Although  this  spectral  band  is  continuous,  there  are  still  gaps  not 
yet  adequately  filled  by  instrumental  means,  as,  for  example,  the  gap 
between  X-rays  and  ultra-violet.  Another  great  gap,  now  being  rapidly 
filled,  lies  between  the  near  infra-red  and  the  weaves  of  wireless.  It  is 
only  recently  that  short-wave  radio  transmission  became  a  fact  and 
advance  in  this  direction  has  led  to  a  continued  reduction  in  the 
length  of  waves  obtainable.  This  has  largely  been  made  possible  by 
improvement  of  the  three-electrode  vacuum  tube. 

The  modern  short-wave  vacuum-tube  oscillator  has  permitted  the 
study  of  the  action  of  electric  waves  of  a  meter  or  less,  and  with  such 
technical  progress,  research  in  the  biological  effects  of  this  type  of  radi- 
ation has  become  increasingly  important.  The  invention  of  the  three- 
electrode  vacuum  tube  has  been  the  door  which  opened  to  the  biologist 
a  whole  new  world  of  radiation.  The  region  is  inconceivably  vast, 
extending  from  the  near  infra-red  to  a  theoretical  infinity,  and  it  might 
seem  quite  difficult  for  the  biologist  to  decide  upon  some  locality  as  most 
suitable  and  promising  for  experimentation,  were  it  not  for  certain 
practical  and  mechanical  restrictions.  The  present-day  vacuum  tube, 
although  one  of  the  most  marvelous  of  our  physical  instruments,  is  still 
unable  to  generate  in  adequate  intensity  wave-lengths  of  much  less 
than  1  meter,  so  that  the  region  of  shortest  electric  waves  cannot  at  pres- 
ent be  utilized  in  biology.  Again,  apparatus  generating  wave-lengths 
much  longer  than   100  meters  is  not  convenient  in  biology,  and  the 
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experimenter  has  for  the  time  being  confined  his  researches  to  a  range  of 
wave-lengths  of  from  1  to  about  100  meters. 

The  biologist  applies  this  radiation  by  use  of  a  tuned  circuit  excited 
by  electrical  oscillations  of  very  high  frequency  (3,000,000  to  300,000,000 
cycles  per  sec),  the  exciting  oscillations  being  generated  by  a  three- 
electrode  vacuum  tube.  Not  being  able  to  obtain  this  form  of  energy 
in  sufficient  amount  unless  the  very  closest  possible  approach  is  made 
to  the  radiating  source,  the  biologist  exposes  his  experimental  material 
in  a  part  of  the  radiating  circuit  itself.  A  part  of  this  tuned  circuit  (as 
will  be  described  in  another  part  of  this  paper)  is  a  high-frequency  electric 
field  which  is  present  between  the  plates  of  a  condenser.  With  the 
modern  vacuum  tube  and  associated  circuits  it  is  possible  to  provide  in 
this  space  (in  which  exposures  are  to  be  made)  an  electric  field  of  contin- 
uous wave  current  emitted  sharply  at  the  wave-length  to  which  the  cir- 
cuit is  tuned. 

Biological  material  in  this  situation,  that  is,  insulated  between  the 
condenser  plates  of  the  circuit,  is  subjected  to  an  electrical  stress.  The 
excitation  circuit  shifts  the  polarity  of  the  condenser  at  the  frequency 
employed,  and  consequently  a  very  rapidly  oscillating  field  is  provided. 
No  free  electrons  from  the  external  circuit  can  enter,  nor  can  any  elec- 
trons flow  out  of  the  experimental  material;  but  there  may  take  place 
a  displacement  current  in  which  electrons  in  the  molecules  of  the  material 
being  exposed  are  stressed  first  in  one  direction  and  then  in  the  other. 
Free  electrons  would  tend  to  pass  from  molecule  to  molecule,  and  the 
molecules  themselves,  if  bipolar,  as  indicated  by  recent  researches  in 
physics,  would  tend  to  rotate  in  response  to  the  changing  potential  of 
the  field. 

Schereschewsky  points  out  that  this  situation  (an  animal  between 
the  condenser  plates)  in  equivalent  electric  circuit  presents  at  least 
two  possibilities.  The  first  and  more  probable  possibility  is  that  the 
system  (see  description  of  apparatus)  may  be  regarded  as  two  condensers 
in  series  connected  by  a  resistance,  the  first  condenser  being  formed  by 
one  plate  of  the  metallic  condenser  and  one  side  of  the  body  surface,  the 
intervening  glass  acting  as  a  dielectric.  The  second  condenser  is  formed 
in  similar  fashion  by  the  other  side  of  the  body,  the  other  plate  of  the 
metallic  condenser,  and  the  intervening  glass.  Between  these  two  con- 
densers in  series  is  the  bulk  of  the  body  tissue  of  the  animal  acting  as  a 
connecting  resistance.  The  other  possibility  in  equivalent  electric  circuit 
is  that  the  animal's  body  may  act  in  the  circuit  as  a  dielectric  of  poor 
quality.  In  this  case  the  electrical  equivalent  would  be  a  condenser 
shunted  by  a  resistance. 

Such  an  intimate  "stirring"  of  the  fundamental  constituents  of  matter 
might  well  be  expected  to  affect  very  profoundly  the  complex  and  deli- 
cately balanced  structure  of  living  material,  and  such  the  biologist  finds 
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to  be  the  case.  It  is  here,  then,  in  the  region  of  relatively  short  electric 
waves  and  with  special  apparatus  for  the  concentration  of  the  waves,  that 
we  find  the  biologist  at  work.  He  discovers  at  the  very  beginning  of 
his  work  that  in  this  as  in  other  regions  of  the  electromagnetic  spectrum 
the  waves  exert  a  potent  influence  on  living  material. 

BIOLOGICAL  EFFECTS 

The  biological  effects  of  high-frequency  electric  fields  as  generated  by 
the  vacuum  tube  appear  to  have  been  first  investigated  by  Gosset,  in 
1926,  and  his  coworkers  in  France.  Schereschewsky  (27,  28),  Christie 
and  Loomis  (5),  and  McKinley  (13)  were  the  first  American  workers  to 
use  the  new  three-electrode  vacuum  tube,  while  SchUephake  (30,  31) 
appears  to  have  been  the  first  in  Germany. 

Gosset  and  his  coworkers,  Gutman,  Lakhovsky,  and  Magrou,  studied 
the  effects  of  very  high  frequency  fields  upon  plant  tumors  caused  in 
Geranium  by  Bacterium  tumefaciens.  They  reported  that  exposure  of 
the  plants  to  this  radiation  brought  about,  eventually,  a  necrosis  of  the 
tumors. 

Schereschewsky  (27)  seems  to  have  been  the  first  to  subject  animals 
to  the  action  of  high-frequency  fields  as  generated  by  the  vacuum  tube. 
He  found  that  exposure  caused  severe  symptoms  which  might  result  in 
death  if  the  exposure  was  prolonged  more  than  a  few  minutes.  Some, 
at  least,  of  these  symptoms  he  thought  to  be  due  to  heat  retention. 
Besides  this  acute  lethal  effect,  he  found  that  exposure  caused  destruction 
of  tissue.  After  sublethal  exposures,  in  many  instances,  small  hemor- 
rhagic areas  were  observed  along  the  course  of  blood  vessels  of  the  ears 
and  within  a  few  days  the  ears  became  necrotic  and  dropped  off.  This 
was  also  true  of  the  tail. 

Schereschewsky  used  mice  in  his  work  and  found  considerable  indi- 
vidual variation  in  response  to  the  influence  of  the  radiation  and  part 
of  his  early  work  consisted  in  determining  the  average  lethal  time  for 
various  frequencies.  Differences  in  individual  response  to  the  radiation 
made  his  later  work  difficult  and  have  been  a  source  of  trouble  to  all 
other  workers  in  biology.  This  same  individual  variation  was  studied  in 
1930  by  McKinley  and  Charles  (15)  using  an  insect  (the  parasitic  wasp 
Hahrohracon)  and  the  coefficient  of  variability  in  a  series  of  closely  con- 
trolled experiments  at  a  constant  frequency  was  found  to  be  more  than 
56  per  cent. 

Schereschewsky  attempted  to  compare  the  effect  of  various  fre- 
quencies and  to  establish  an  optimal  frequency  for  lethal  action  on  the 
mouse.  He  described  such  optimal  frequencies,  and  came  to  the  con- 
clusion that  the  frequencies  of  highest  lethality  lay  between  18,000,000 
and  66,000,000  cycles  per  sec.  He  ascribed  the  phenomena  at  that  time 
to  the  specific  action  of  the  radiation  in  the  form  of  electromechanical 
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vibrations  in  the  living  cell,  and  only  in  part  to  the  generation  of  heat 
by  convection  currents. 

However,  Christie  and  Loomis  (5)  pointed  out  that  the  method  of 
Schereschewsky  for  comparing  the  outputs  of  energy  at  different  fre- 
quencies was  by  no  means  correct,  because  the  ammeter  reading  in  the 
resonating  circuit,  used  as  a  standard  by  Schereschewsky,  gives  only  an 
indication  of  the  peak  of  resonance  in  the  secondary  circuit,  rather  than 
an  absolute  gauge  of  energy  across  the  plates  (see  section  on  Apparatus). 
Unfortunately,  however,  the  method  used  by  Christie  and  Loomis  to 
measure  and  compare  the  output  across  the  plates  was  also  incorrect. 
They  used  the  rate  of  heating  of  a  saline  thermometer  placed  between 
the  condenser  plates  as  a  gauge  for  comparison  of  the  outputs  developed 
between  the  plates  at  different  frequencies.  McLennan  and  Burton  (19) 
pointed  out  that  the  saline  thermometer  could  not  be  used  in  this  sit- 
uation because  of  the  possibility  that  variation  in  frequency  by  itself 
leads  to  an  altered  rate  of  heating  for  the  same  field  intensity  between 
the  condenser  plates. 

McLennan  and  Burton  proved  that  for  several  electrolytes,  including 
solutions  of  sodium  chloride,  there  exists  a  specific  concentration  for 
which  at  a  constant  wave-length  a  maximum  rate  of  heating  is  developed. 
These  two  workers  and  others  have  found  that  the  maximum  heating 
will  be  shifted  with  the  frequency  independent  of  the  field  intensity 
developed  across  the  plates,  and  therefore  the  rate  of  heating  in  a  saline 
thermometer  of  a  given  concentration  of  sodium  chloride  cannot  be  used 
to  compare  the  output  for  different  frequencies. 

Schereschewsky  in  his  early  work  believed  that  he  had  demonstrated 
a  specific  frequency  band  in  which  the  mouse  was  killed  much  more 
quickly  than  at  other  regions  in  this  end  of  the  spectrum,  and  that  death 
was  not  altogether  due  to  internal  heating.  Christie  and  Loomis  con- 
cluded, albeit  from  procedures  shown  to  be  unsound,  that  there  was  no 
specific  action  on  the  part  of  short  electric  waves  and  that  the  lethal  effect 
on  mice  was  due  solely  to  heat. 

These  two  more  or  less  contradictory  experiments  leading  to  different 
interpretations  of  the  effect  of  the  action  of  high-frequency  electric  fields 
started  a  controversy  which  has  continued  to  the  present  time.  On  the 
one  side  are  those  workers  who  believe  that  the  biological  effects  of  this 
radiation  are  due  solely  to  the  generation  of  internal  heat — a  heat  gen- 
erated perhaps  by  the  setting  up  in  the  body  of  the  exposed  animal  of 
a  displacement  current.  On  the  other  side  are  those  workers  who  believe 
their  experiments  demonstrate  an  effect  other  than  that  of  simple,  inter- 
nal heat. 

INTERNAL  HEAT 

Attempts  to  measure  the  degree  of  heat  generated  in  the  living  body 
have  given  only  approximate  results,  owing  to  mechanical  and  other 
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difficulties  to  be  pointed  out  later,  but  under  strong  dosage  it  was 
evident  that  the  animal  body  was  subjected  to  the  equivalent  of  a  high 
degree  of  external  heat.  MacCreight  and  McKinley  (12)  attempted 
an  indirect  measure  of  the  heat  generated  in  the  body  of  young  rats  when 
subjected  to  a  dosage  which  killed  them  in  about  5  min.  They  found 
that  although  the  rectal  temperature  at  death  never  rose  higher  than 
46°C.,  the  actual  temperature  to  which  the  animal  was  subjected  was 
much  higher.  They  compared  the  macroscopic  picture  as  presented 
by  animals  killed  by  high-frequency  fields  and  those  killed  by  various 
degrees  of  external  heat  and  found  that  only  when  external  temperatures 
reaching  160°C.  were  used,  did  the  effects  of  external  heat  compare  to 
those  of  the  high-frequency  field. 

That  the  amount  of  heating  in  all  tissues  is  not  the  same  was  pointed 
out  by  Schliephake  (31).  Schliephake  compared  the  action  of  short  elec- 
tric waves  (2.8  meters)  with  the  action  of  ordinary  diathermic  currents, 
in  the  heating  of  particular  tissues.  He  found  that  diathermy  (fre- 
quencies of  100,000  cycles  per  sec.)  selectively  heated  the  fatty  tissue,  and 
that  the  short  electric  waves  heated  liver  and  bone  to  the  greatest 
extent,  these  data  being  obtained  by  the  use  of  the  rate  of  cutaneous 
heating  as  a  standard.  McLennan  and  Burton  (19)  confirmed  these 
observations,  and  were  in  accord  with  Schliephake  regarding  the  depth 
of  action  of  the  high-frequency  field.  They  were  of  the  opinion  that  at 
these  high  frequencies  the  so-called  electrical  "skin  effect"  in  tissues  is  of 
little  significance,  it  being  more  probable  that  the  radiation  passes 
directly  through  the  living  cell  rather  than  around  it  in  the  intercellular 
substance. 

Further  heating-effect  studies  were  made  by  several  other  workers. 
Richards  and  Loomis  (25a)  found  that  the  heating  effect  for  electrolytes 
in  a  high-frequency  field  has  a  maximum  that  depends  on  conductivity 
and  frequency.  Kahler,  Chalkley,  and  Voegtlin  (11),  working  with  a 
protozoan,  Paramecium  caudatum,  came  to  the  conclusion  from  their 
experiments  that  the  lethal  effect  was  due  entirely  to  heat.  They  found 
that  death  occurred  at  the  same  temperature  whether  the  organism  was 
killed  by  an  agent  of  external  heat  or  by  a  high-frequency  field. 

SYNTHETIC  FEVER 

Another  group  of  papers  dealing  with  the  temperature  aspects  of  ele- 
vated temperatures  in  general  and  in  particular  with  those  induced  by 
high-frequency  irradiation  has  been  adequately  summarized  by  Carpenter 
and  Boak  (3)  and  these  workers  themselves  reported  that  high-frequency 
irradiation  (wave-length  30  meters)  causes  elevations  of  temperature  and 
prevents  the  development  of  experimental  scrotal  chancres  in  rabbits. 

Carpenter  and  Page  (4),  taking  advantage  of  the  very  quick  and 
certain  heating  effect  of  exposure  to  the  high-frequency  field,  were  able 
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to  obtain  synthetic  fevers  in  animals,  including  man,  without  the  injec- 
tion of  foreign  substances.  They  followed  the  suggestion  of  Hosmer  (9) 
who  had  studied  heating  effects  on  salt  solutions  of  various  concentrations 
and  on  small  laboratory  animals,  and  they  have  contributed  a  thera- 
peutic agent  of  very  great  possibilities.  By  proceeding  cautiously  they 
were  able  to  treat  25  human  patients,  obtaining  fevers  of  104°  to  105°F. 
in  60  to  80  min.  The  patient  was  suspended  in  the  field  so  that  the 
waves  penetrated  the  body  from  one  side  to  the  other;  the  head  was  not 
exposed.  They  were  careful  to  use  the  lowest  possible  current  and 
seem  to  have  avoided  entirely  the  skin  and  muscle  blistering  found  by 
MacCreight  and  McKinley  (12)  to  accompany  hard  dosage. 

Carpenter  is  convinced  that  in  spite  of  the  crudities  of  the  present-day 
apparatus  this  method  of  obtaining  artificial  fevers  is  not  only  practical 
but  efficient  and  will  prove  of  great  value  to  the  clinician,  physiologist, 
biochemist  and  bacteriologist.  He  also  studied  the  relation  of  this 
synthetic  fever  to  infectious  diseases  in  laboratory  animals  and  believes 
that  two  desirable  effects  are  obtained  by  raising  the  body  temperature. 
First,  the  increased  heat  within  the  body  makes  a  less  favorable  environ- 
ment for  the  multiplication  of  virus.  Second,  the  heat  increases  the 
rate  of  those  chemical  processes  concerned  with  the  development  of 
immunity  and  with  the  general  defense  mechanism  of  the  body  against 
infectious  agents.  The  general  basis  for  this  latter  belief  is  the  unques- 
tionable stimulation  of  metabolism  accompanying  an  artificial  fever. 
Relative  data  have  been  reported  by  Nasset  and  Warren  (22)  who  found 
that  in  dogs  subjected  to  this  exposure  there  was  a  depletion  of  blood 
sugar  and  a  diminution  in  the  carbon  dioxide  content  of  the  blood.  These 
phenomena  indicate  that  synthetic  fever  obtained  by  means  of  the  high- 
frequency  field  leads  to  a  markedly  increased  metabolism. 

In  this  connection  both  Schliephake  and  McKinley  found  that 
attempts  to  prolong  synthetic  fevers  in  mice  for  more  than  12  hr.  result 
in  a  profound  disturbance  of  the  body-temperature-regulating  mechanism, 
and  after  continued  treatment  the  body  temperature  tends  to  fall  below 
normal.  Animals  so  treated  often  die.  It  is  believed  that  only  synthetic 
fevers  of  very  short  duration  are  safe. 

The  factor  of  internal  heat  observed  in  these  experiments  has  been 
obvious  in  all  work  with  the  high-frequency  field.  It  is,  after  all,  the 
effect  one  would  expect  from  an  a  priori  examination  of  the  nature  of 
the  electric  field.  Kahler  and  his  coworkers  (11)  pointed  out  that  the 
photochemical  effect  in  the  high-frequency  field  is  negligible. 

AN  EFFECT  OTHER  THAN  HEAT 

Internal  heat,  then,  as  a  major  factor  is  admitted  by  all  workers  who 
are  using  this  radiation;  but  there  is  a  growing  conviction  on  the  part  of 
several  that  heat,  as  such,  is  not  the  only  factor  involved — that  there 
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appears  to  be  another  and  secondary  factor  which  can  only  be  demon- 
strated when  the  first  is  ruled  out.  This  secondary  factor  is  spoken  of 
by  those  who  are  attempting  to  demonstrate  it  as  "an  effect  other  than 
that  of  simple  heat." 

Schereschewsky  in  his  early  work  believed  that  the  heat  factor  was 
only  partly  responsible  for  the  effects  observed,  and  he  was  also  impressed 
with  the  possibility  of  a  differential  action  on  the  part  of  various  fre- 
quencies. He  had  observed  that  tumorous  tissue  seemed  to  be  more 
susceptible  to  this  radiation  than  other  tissues,  and  to  test  this  he  chose 
the  tissue  cells  of  transplantable  tumors.  He  selected  for  his  experiments 
a  most  virulent  mouse  sarcoma,  implantation  of  which  yielded  95  to  96 
per  cent  of  "takes."  Treatment  was  localized  as  far  as  was  possible  to 
the  cancer  cells,  the  tumors  being  placed  between  small  insulated  plates. 
Soon  after  beginning  his  experiments  Schereschewsky  noted  that  in 
favorable  cases  treatment  had  a  pronounced  effect  upon  the  tumor,  the 
mass  seeming  to  become  much  smaller  and  softer  almost  immediately 
after  exposure.  Many  technical  difficulties  arose  during  the  course  of 
these  experiments,  but  the  most  troublesome  w^as  the  association  of  this 
tumor  with  a  diphtheroid  bacillus,  which  of  itself  is  pathogenic  for  mice. 
However,  despite  all  difficulties,  of  403  mice  treated  100  recovered  tumor- 
free.  No  case  of  spontaneous  recession  of  the  tumor  was  observed  in 
230  control  mice. 

In  these  experiments  Schereschewsky  did  not  attempt  to  rule  out  the 
heat  factor  completely.  Schliephake  (33,  34)  had  observed  differential 
heating  effects  on  various  tissues  of  the  animal  body  and  came  to  the 
conclusion  that  there  was  some  indication  that  the  biological  effects  of 
ultra-high-frequency  fields  may  be  due  in  part  to  some  action  other  than 
that  of  simple  heat,  but  he,  like  Schereschewsky,  had  not  ehminated  the 
heat  factor. 

McKinley  (13),  in  work  with  the  nervous  tissue  of  the  frog,  attempted 
to  rule  out  the  heat  factor  by  comparing  the  action  of  both  external  heat 
and  the  high-frequency  field  on  this  tissue.  He  found  that  in  irradiations 
of  the  isolated  spinal  cord,  exposed  by  dissection,  definite  action  on  the 
central  nervous  system  was  demonstrated.  External  heat  over  a  wide 
range  of  temperatures  did  not  duplicate  the  characteristic  action  of  the 
high-frequency  field  on  this  tissue.  Headlee  and  Burdette  (7)  found 
indications  of  differences  in  lethal  time  from  high-frequency  radiation  in 
insects,  the  differences  in  time  apparently  corresponding  to  the  amount 
of  nervous  tissue  present. 

These  somewhat  indefinite  indications  of  an  effect  other  than  simple 
heat  were  given  additional  and  very  strong  support  by  Szymanowski  and 
Hicks  (36)  who  were  able  to  attenuate  diphtheria  toxin  by  means  of  the 
high-frequency  field.  In  a  series  of  very  carefully  conducted  experiments 
these  two  workers  completely  ruled  out  all  gross  heating  effects  and  yet 
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obtained  definite  attenuation  of  the  three  major  toxins,  diphtheria, 
tetanus,  and  botuhnus.  The  effect  was  obtained  without  the  develop- 
ment in  the  toxin  of  temperatures  that  would  by  themselves  affect  the 
potency  of  the  toxin. 

Bennedetti  (2),  using  diathermy,  and  later  McKinley  (13),  using  the 
modern  vacuum-tube  circuit,  obtained  a  slight  acceleration  of  growth  in 
the  early  germination  period  of  seedlings.  In  these  experiments  the 
heat  factor  was  presumably  ruled  out. 

Schliephake  (33,  34)  reported  that  staphylococci  may  be  susceptible 
to  the  direct  action  of  ultra-high-frequency  currents.  They  were  not, 
however,  entirely  convinced  that  the  heat  factor  had  been  eliminated. 
The  organisms  were  exposed  to  the  electric  field  in  broth  cultures.  Szy- 
manowski  and  Hicks  (35)  reported  on  a  number  of  attempts  to  obtain 
lethal  action,  or  at  least  to  stimulate  dissociation,  in  pathogenic  bacteria. 
They  treated  the  Dick  hemolytic  streptococcus  of  scarlet  fever  in  broth 
culture  to  a  high-frequency  field  and  in  several  experiments  observed  a 
delay  in  growth.     They  did  not  observe  any  lethality  or  dissociation. 

Although  the  results  of  this  work  were  essentially  negative.  Hicks  and 
Szymanowski  expressed  the  opinion  that  it  might  be  possible  with  a 
smaller  volume  of  broth,  the  use  of  a  thin  film  of  culture,  and  many 
additional  technical  improvements  with  the  short-wave  generator  to 
demonstrate  some  action  on  bacteria.  They  also  pointed  out  that  the 
selective  absorption  of  broth  cultures,  wherein  there  may  be  large  thermal 
gradients  between  the  broth,  or  continuous  phase,  and  the  organism,  or 
discontinuous  phase,  makes  it  difficult  to  determine  the  amount  of 
absorption  in  the  bacterial  cell  itself.  They  thought  that  this  factor 
might  be  partially  eliminated  by  working  with  a  suspension  in  which 
cellular  elements  constituted  a  high  percentage  of  the  total  mass. 

Oartel  and  McKinley  (24)  found  that  treatment  of  the  organisms 
normally  present  in  fragments  of  infected  human  teeth  had  a  lethal 
effect  in  30.5  per  cent  of  the  samples  treated.  The  arrangement  or  group- 
ing of  the  organisms  was  affected  in  15  per  cent,  the  changes  noted 
being  for  the  most  part  a  change  from  streptococcus  forms  to  diplococcus 
forms,  or  from  long  chains  to  short  chains.  Also,  of  the  total  number 
treated  a  marked  reduction  in  size  of  the  organisms  was  noted  in  about 
15  per  cent.  Treatment  was  so  adjusted  in  these  experiments  as  to 
avoid  the  generation  of  any  measurable  heat  in  the  teeth  fragments. 

Attempts  to  rule  out  the  "heat  factor"  have  usually  been  along  two 
lines :  either  by  use  of  a  constant  temperature  system  or  by  treatment  in 
extremely  weak  fields.  Szymanowski's  experiment  with  toxins  and 
McKinley's  work  with  germinating  corn,  both  already  described  in  this 
paper,  are  cases  in  point.  Both  of  these  experiments,  although  they 
strongly  indicate  specific  effects  other  than  heat,  leave  something  to  be 
desired,  since  it  is  not  absolutely  certain  that  the  small  amount  of  heat 
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generated  in  the  treated  material  was  not  in  some  way  the  cause  of  the 
effects  observed. 

Most  biological  material  does  not  lend  itself  readily  to  such  a  delicate 
test  as  the  above,  but  it  occurred  to  the  writer  that  in  the  incubation  of  the 
chicken's  egg  there  might  be  possibilities  of  a  more  favorable  comparison 
of  the  effects  of  the  direct  application  of  heat  and  high  frequencies.  In 
this  case  the  essential  technique  consisted  in  substituting  the  heating 
effect  of  the  field  during  a  part  of  the  natural  incubating  period.  Provid- 
ing the  technique  was  properly  handled,  it  was  thought  that  if  high 
frequencies  had  no  other  effect  than  that  of  pure  heating,  no  change 
would  occur  in  the  natural  development  of  the  chick. 

In  this  experiment  unpublished  and  incomplete  data  indicate  that 
treatment  of  very  early  stages  (before  or  during  the  formation  of  the 
primitive  streak)  in  the  chick  has  no  apparent  effect  on  development. 
Treatment  of  the  chick  embryo  at  the  48-hr.  stage  or  later,  however, 
has  a  marked  effect  on  development.  The  action  of  the  field  in  76  per 
cent  of  the  cases  studied  was  that  of  a  delayed  lethal  result.  Macroscopic 
and  microscopic  study  of  the  embryos  failed  to  reveal  the  cause  of  this 
delayed  lethal  effect. 

The  average  time  of  treatment  in  this  experiment  was  about  10  hr. ; 
and,  since  every  possible  precaution  was  taken  during  this  time  to  main- 
tain by  the  action  of  the  field  the  correct  degree  of  incubation  tempera- 
ture, this  is  thought  to  very  strongly  indicate  that  external  heat  and 
high-frequency  fields  are  quite  different  in  their  action  upon  living 
material. 

It  is  probable  that  the  embryos  exposed  to  the  field  while  in  very 
early  stages  are  not  affected  because  of  the  more  or  less  indifferent  nature 
of  the  tissue  present  before  or  during  the  formation  of  the  primitive 
streak.  At  48  hr.  or  later  nervous  tissue  predominates  and  it  may  be,  as 
indicated  by  other  experiments  in  this  paper,  that  this  tissue  was  in  some 
way  injured.  The  injury  was  not,  evidently,  such  as  to  kill  the  embryos 
immediately  but  was  sufficient  to  stop  development  after  a  few  days. 

CONCLUSIONS 

The  experimental  results  of  all  investigators  clearly  demonstrate  that 
the  electric  field  is  capable  of  profoundly  modifying  living  tissue,  and  use 
of  this  source  of  energy  has  not  only  produced  many  interesting  biological 
effects  but  has  opened  a  number  of  new  lines  of  investigation. 

Synthetic  fevers  can  be  generated  in  the  animal  body,  affording  a  new 
and  well-controlled  method  for  the  experimental  study  of  fever  physiology 
and  of  the  temperature-regulating  mechanism. 

Its  possible  utility  in  studies  of  growth  is  demonstrated  by  its  power 
to  bring  about  acceleration  in  the  germination  of  seeds. 
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Dissociation  and  size  changes  in  bacteria  are,  apparently,  produced  by 
this  agency,  and  such  action  by  electric  fields  may  be  of  value  to  the 
modern  bacteriologist. 

The  possibility  that  this  agent  produces  a  specific  effect  on  nervous 
tissue,  and  to  a  lesser  degree  on  other  tissues,  opens  the  door  to  important 
researches  in  both  physiology  and  therapeutics. 

The  destruction  of  various  parts  of  the  nervous  system,  especially  the 
brain,  without  dissection  of  the  tissue  surrounding  them  is  shown  to  be 
possible  and  this  may  be  of  some  use  in  the  study  of  the  function  of  these 
parts. 

Modification  of  the  course  of  development  in  vertebrate  embryos  is  a 
possibility  and  in  the  future  the  proper  manipulation  of  this  source  of 
energy  may  prove  of  value  to  the  experimental  embryologist. 

It  is  at  least  strongly  indicated  in  this  paper  that  high-frequency  fields 
and  external  heat  are  in  no  way  comparable.  Many  of  the  observed 
effects  of  electric  fields  could  not  be  duplicated  with  external  heat  as  the 
agency,  and,  according  to  modern  physical  theory,  such  duplication  is 
not  to  be  expected.  The  action  of  the  electric  field  is  carried  to  the  very 
foundations  of  the  matter  exposed  to  its  influence.  This  action  is 
instantly  distributed  throughout  the  whole  body  of  the  specimen  and 
does  not  depend,  as  does  external  heat,  upon  a  relatively  slow  penetration. 
The  specific  action  of  high-frequency  fields  is  not  clearly  understood,  but 
in  such  substances  as  the  animal  and  plant  body,  exposed  as  indicated 
in  this  paper,  it  is  suggested  that  the  following  actions  may  occur : 

Conduction  currents,  or  the  flow  of  ions,  are  set  up  in  the  tissues  of  the 
body  and  these  currents  oscillate  at  the  frequency  of  the  field.  It  is 
possible  that  the  specific  effects  on  nervous  tissue  are  due  to  conduction 
currents. 

All  permanent  molecular  dipoles  are  rotated  by  the  action  of  the  field. 
In  living  material,  with  its  very  large  protein  molecules,  this  may  be 
an  important  factor  in  bringing  about  changes  in  protoplasmic  balance. 

Under  the  action  of  high  frequencies  temporary  dipoles  would  tend  to 
form  and  this  would  introduce  possible  hysteresis  effects,  a  phenomenon 
which  accounts  in  part  for  the  generation  of  internal  heat. 

Any  body  potentials  which  might  be  present  between  or  within 
tissues  might  be  altered  by  the  rapidly  changing  potential  of  the  field. 

APPARATUS 
GENERAL    DESCRIPTION 

The  recent  increase  in  commercial  importance  of  the  ultra-high- 
frequency  radio  spectrum  has  greatly  advanced  the  apparatus  and  circuits 
available  for  the  production  of  high-frequency  oscillating  currents  in  the 
region  of  60  megacycles. 
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At  the  present  time  the  best  method  of  generating  oscillations  of  the 
order  of  60  megacycles  is  that  of  using  triode  vacuum  tubes  in  regenerative 
circuits.  The  physical  principles  of  such  circuits  are  now  fairly  well 
understood  and  the  problem  of  generating  ultra-high  frequencies  resolves 
itself  into  a  process  of  designing  the  equipment  in  such  manner  as  to 
eliminate  all  extraneous  capacities  and  inductances  from  the  main 
oscillatory  circuit.  Triode  high-frequency  oscillators  are  of  two  general 
types.  One  type  of  circuit  is  composed  of  the  usual  inductance  and 
capacitance  elements,  while  the  second  type  of  oscillatory  circuit  depends 
upon  the  rate  of  propagation  of  electrons  between  the  elements  of  the 
triode.  The  latter  type  is  capable  of  producing  the  highest  frequencies 
but  has  the  disadvantage  that  the  power  obtainable  is  quite  limited. 
Regenerative  oscillators  have  been  found  to  be  the  most  suitable  for 
producing  the  frequencies  of  interest  to  the  biological  investigator. 

Regenerative  oscillators  which  will  function  in  the  region  of  60 
megacycles  are  not  difficult  to  set  up,  provided  certain  factors  are  recog- 
nized and  provided  for.  It  is  important  to  recognize  that  as  the  fre- 
quency progressively  increases,  the  values  of  inductance  and  capacitance 
necessary  to  produce  resonance  decrease  until  a  point  is  reached  where 
a  straight  piece  of  wire  represents  a  considerable  amount  of  inductance. 
Also,  the  smallest  of  stray  capacities  at  ordinary  frequencies  often 
becomes  the  limitation  of  the  highest  frequencies  obtainable  in  vacuum- 
tube  circuits.  This  is  particularly  true  of  the  interelectrode  capacitance 
of  a  vacuum  tube  and  also  the  distributed  capacitance  of  the  leads  con- 
necting the  base  of  the  vacuum  tube  to  the  elements  of  the  tube.  It  is 
therefore  necessary  in  constructing  oscillators  for  ultra-high  frequencies 
to  reduce  these  stray  capacities  and  inductances  to  the  smallest  possible 
value  consistent  with  the  mechanical  Kmitations  involved. 

From  the  foregoing  it  can  be  seen  that  the  proper  place  to  begin  in 
the  design  of  ultra-high-frequency  equipment  is  with  such  circuits  and 
tubes  as  will  lend  themselves  to  the  reduction  of  all  capacities  and  induc- 
tances which  are  external  to  the  main  oscillatory  circuit.  The  oscillatory 
circuits  for  ultra-high  frequencies  are  similar  to  those  used  in  low-fre- 
quency work,  the  only  essential  difference  being  in  the  values  involved. 
At  vdtra-high  frequencies  a  piece  of  wire  a  few  inches  long  has  sufficient 
inductance  when  used  in  connection  with  the  interelectrode  capacities  of 
most  commercial  vacuum  tubes  to  form  an  oscillatory  circuit,  the  funda- 
mental of  which  is  in  the  neighborhood  of  60  megacycles. 

Referring  to  Fig.  1,  it  will  be  noted  that  the  circuit  represented  is  the 
familiar  Hartley  oscillator  arranged  for  the  operation  of  two  T^^-watt 
tubes  in  push-pull.  The  inductances  for  the  grid  and  plate  circuit  are 
composed  of  single  turns  of  wire,  the  diameter  of  which  may  be  varied 
in  order  to  vary  the  fundamental  frequency  of  the  oscillator.  The 
limiting  frequency  of  commercial  tubes  is  reached  when  these  inductances 
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L1-L2  have  been  reduced  to  the  point  of  connecting  directly  from  one 
tube  base  to  the  other.  The  circuit  elements  then  remaining  for  the 
production  of  high-frequency  currents  consist  of  the  grid-to-plate  capaci- 
tance of  the  two  tubes  (in  series)  combined,  and  the  inductance  of  the 
leads  connecting  these  elements.  Naturally,  when  such  a  point  is 
reached,  it  becomes  difficult  to  take  power  from  the  tube  circuit,  owing 
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Fig.   1. 

to  the  limited  magnetic  coupling  possible.  Therefore,  the  practical 
fundamental  frequency  possible  when  using  commercial  tubes  is  that 
frequency  which  is  generated  when  some  external  inductance  in  the  form 
of  a  loop  remains  for  coupling  to  an  experimental  circuit  where  the  energy 
will  be  used.     Such  a  circuit  is  indicated  in  Fig.  1  as  L3-C3.     The  physical 

details  of  this  circuit  as  well  as  that  of 
Fig.  2  will  be  discussed  later. 

The  voltage  distribution  in  the 
circuit  shown  in  Fig.  1  is  such  that  it 
is  maximum  at  the  grid  and  plate  ends 
of  the  two  inductance  loops  and  zero 
at  the  point  where  the  plate  voltage  and 
grid  resistor  are  connected.  It  is 
necessary  then  to  couple  L3  and  CS  to 
the  oscillator  circuit  so  as  to  provide  a 
region  for  exposing  biological  material. 
This  is  provided  between  the  plates  of 
condenser  C3  in  the  exposure  circuit. 
It  is  necessary  to  provide  also  a  means 
of  resonating  the  exposure  circuit  to 
the  frequency  of  the  oscillator  circuit 
and  this  is  usually  accomplished  by 
varying  the  size  of  loop  L3  after  the  biological  material  has  been  placed 
between  the  condenser  plates  in  the  exposure  circuit.  The  amount  of 
high-frequency  voltage  available  across  the  plates  of  the  condenser  C3 
is  controlled  by  varying  the  magnetic  coupling  factor  between  LI  and  L3, 
or  by  fixing  the  magnetic  coupling  and  varying  the  voltage  applied  to  the 
oscillator  tubes.  All  of  these  items  have  a  variable  elTect  upon  the 
frequency  of  the  oscillations  generated,  but  it  has  been  found  that  within 
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limits  such  variation  is  not  important  to  the  biological  investigator.  The 
maintenance  of  constant  voltages  across  condenser  C3,  however,  is  impor- 
tant and  the  ckcuits  used  in  this  work  were  designed  with  this  factor 
in  mind. 

The  circuit  in  Fig.  2  is  set  up  with  the  intention  of  simplifying  the 
method  of  obtaining  high  frequencies  for  biological  experimentation. 
As  far  as  the  mode  of  oscillation  is  concerned,  this  circuit  is  similar  to 
that  of  Fig.  1.  Instead  of  two  tubes  in  push-pull,  however,  we  now  have 
one  tube,  and,  at  the  other  end  of  the  inductance  loops,  a  capacitance 
composed  of  two  plates  spaced  apart  a  distance  sufficient  that  the 
capacitance  of  the  condenser  so  formed  will  roughly  approximate  the  inter- 
electrode  capacitance  of  the  vacuum  tube  at  the  other  end  of  the  oscilla- 
tory circuit.  When  this  is  done,  the  voltage  distribution  is  a  maximum 
at  the  terminals  of  condenser  CI  and  at  the  grid  and  plate  of  the  vacuum 
tube  supplying  the  power  to  the  oscillatory  circuit.  Plate  voltages  and 
grid-bias  voltages  may  be  fed  to  the  circuit  midway  between  the  tube 
and  condenser,  since  the  voltage  at  these  points  is  zero.  As  will  be  indi- 
cated later,  it  is  possible  to  place  the  experimental  material  between  the 
condenser  plates  of  CI,  and  it  is  unnecessary  to  have  a  separate  exposure 
circuit. 

It  is  necessary  in  any  regenerative  type  of  ultra-high-frequency 
oscillator  that  it  be  mechanically  symmetrical.  This  is  done  in  order 
to  provide  the  shortest  possible  connections  and  to  reduce  the  resistance 
losses  of  the  circuit  to  a  minimum.  Only  the  best  of  dielectric  materials 
should  be  used  in  order  to  keep  down  losses  and  increase  the  power  avail- 
able from  a  given  size  of  vacuum  tube.  Too  much  emphasis  cannot 
be  placed  on  the  size  and  kind  of  conductors  used  in  the  construction  of 
ultra-high-frequency  oscillating  circuits.  Copper  tubing  is  considered 
best  since  it  pro /ides  a  maximum  conducting  section  for  a  given  diameter 
of  conductor.  Precautions  in  this  respect  combined  with  a  limited  use 
of  dielectric  supports  will  provide  a  low-resistance  circuit. 

In  any  vacuum-tube-oscillator  circuit  the  function  of  the  vacuum 
tube  is  to  supply  the  energy  for  oscillation.  In  addition  to  this  the 
vacuum  tubes  of  ordinary  commercial  design  also  become  a  part  of  the 
oscillating  circuit  they  supply,  and,  as  pointed  out,  increase  the  difficulty 
of  obtaining  high-frequency  oscillations.  Certain  types  of  tubes  have 
recently  been  designed  in  which  the  detrimental  effects  of  the  inter- 
electrode  capacities  of  the  tubes  have  been  reduced.  Such  tubes  are, 
however,  at  the  present  time  unavailable,  and  therefore  the  character- 
istics of  the  tube  have  to  be  considered  together  with  the  inductances  and 
capacitance  relations  of  the  oscillator  circuit. 

Mention  has  been  made  of  the  desirability  of  maintaining,  insofar  as 
it  is  possible,  a  constant  voltage  across  the  plates  of  the  condenser  used 
to  expose  biological  material.     At  first  thought  it  would  seem  possible  to 
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accomplish  this  by  providing  an  ammeter  to  read  the  current  flowing  to 
the  condenser  plates;  and  were  the  frequency  low  enough,  this  would 
be  entirely  practical  (calculation  of  voltages  from  capacity  reactance 
of  the  condenser).  However,  at  the  extremely  high  frequencies  used  in 
biological  work  accurate  current-measuring  instruments  are  not  avail- 
able, and  it  is  necessary  to  arrive  at  some  approximation  by  other  means. 
One  method  is  to  expose  a  column  of  neon  gas  to  the  dielectric  field  of  the 
condenser.  At  the  fixed  frequency  used  in  any  one  series  of  experiments, 
it  is  found  that  increasing  or  decreasing  the  field  of  the  condenser  raises 
or  lowers  the  height  of  ionization  in  the  gas  column.  At  a  fixed  frequency 
the  indications  are  found  to  be  quite  sharp  and  it  is  possible  by  this  means 
reasonably  to  standardize  the  dosages.  This  principle  has  lately  been 
applied  to  volume  indicators  on  radio-broadcast  receivers  where  it  is 
again  used  as  a  voltage-indicating  device.  It  is  quite  true  that  such  a 
device  absorbs  power  from  the  oscillatory  circuit  and  this  power  must 
be  made  available  in  addition  to  that  required  by  the  biological  material. 

PUSH-PULL    OSCILLATOR 

In  Fig.  3  is  described  a  high-frequency  push-pull  oscillator  using  recti- 
fied-alternating-current  power  supply.  Two  UX210  7>^-watt  tubes 
supply  power  to  the  oscillating  circuit  L1-L2.  L1-L2  are  made  of  ji-in. 
copper  tubing  formed  into  a  half  circle  connecting  the  grids  and  the  plates 
of  the  tubes.  The  radius  of  this  circle  is  approximately  6  in.  Midway 
along  the  two  conductors  are  connected  choke  X2  and  resistor  Rl. 
Choke  X2  is  a  coil  of  100  turns  of  No.  38  D.C.C.  wire  wound  on  a  tube 
1  in.  in  diameter.  Resistor  Rl  is  inductively  wound  and  has  a  resistance 
of  approximately  10,000  ohms.  The  four  chokes,  XI,  in  the  filament 
circuit  of  the  tubes  are  made  of  10  turns  of  No.  14  wire  on  a  core  1  in.  in 
diameter  and  the  turns  are  spaced  the  diameter  of  the  wiring.  By-pass 
condensers  CI  are  small  mica  condensers  having  a  value  of  2,000  fx/xi. 
Resistor  R2  provides  the  filament  center  tap  and  is  a  General  Radio 
type  437,  having  a  total  resistance  of  60  ohms.  By-pass  condenser  C4 
has  a  value  of  2,000  nnL,  and  is  of  sufficient  voltage  rating  to  stand  the 
voltage  of  the  power  supply.  Resistance  RS  is  a  voltage  divider  resist- 
ance across  the  D.C.  output  of  the  high-voltage  vacuum-tube  rectifier 
and  is  a  General  Radio  type  446.  The  resistance  is  approximately 
15,000  ohms.  Condensers  C2  and  X3  comprise  the  120-cycle  filter  in 
the  vacuum-tube  rectifier  output.  Condensers  C2  have  a  value  of  8  /xf- 
each  and  X3  a  value  of  20  h.  at  50  ma.  This  rectifier  filter  is  known  as  a 
General  Radio  type  527-A.  A  UX280  full-wave  rectifier  tube  is  used 
for  rectification.  Transformer  Tl  supphes  the  A.  C.  voltages  for  the 
rectifier  and  for  the  filament  circuit  of  the  oscillator  tubes  and  the  recti- 
fier tube.  This  transformer  is  a  General  Radio  type  565-B,  rated  at  200 
watts  with  a  high-voltage  output  of  600  volts  each  side  of  the  center  tap. 
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The  power  supply  is  mounted  separately  from  the  oscillator  and  the 
necessary  leads  are  run  to  the  proper  points  of  connection  in  the  oscil- 
lator circuit.  The  oscillator  circuit  is  mounted  on  a  baseboard  in 
approximately  the  manner  shown  in  the  circuit  sketch.  This  simplifies 
wiring  and  provides  the  most  direct  high-frequency  paths  for  the  oscil- 
lator current.  The  frequency  range  covered  by  this  oscillator  may  be 
varied  by  varying  the  size  of  the  loops  LI  and  L2.  With  the  dimensions 
mentioned  the  frequency  of  generation  will  be  in  the  neighborhood  of 
60  megacycles. 

HALF-WAVE    OSCILLATOR 

Figure  4  shows  the  detailed  connections  and  layout  of  a  half-wave 
oscillator  which  supplies  voltages  to  condenser  CI  for  test  purposes. 
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The  circuit  uses  a  UX210  tube  and  the  values  of  XI,  X2,  Rl,  and  T  are 
the  same  as  those  shown  in  Fig.  3.  The  inductance  rods  LI  and  L2  are 
made  of  }i-in.  copper  tubing.  One  end  of  the  rods  connects  directly 
to  the  base  of  the  vacuum  tube,  while  on  the  other  end  is  mounted  a 
condenser  made  of  two  copper  plates  approximately  3  in.  square  and 
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spaced  at  distances  of  from  1  to  3  in.  apart.  The  two  rods,  tubes,  and 
condenser  CI  are  mounted  on  a  baseboard  in  such  a  manner  that  the 
two  rods,  LI  and  L2,  parallel  each  other  about  3  in.  apart.  The  length 
of  these  rods  and  the  capacity  of  condenser  CI  may  be  varied  to  vary 
the  frequency  of  the  oscillator.  Shortening  the  rods  will  increase  the 
frequency  of  the  oscillator.  The  points  of  connection  of  X2  and  Rl 
are  important.  They  should  be  connected  at  the  point  of  zero  voltage 
along  the  parallel  inductance  rods  LI  and  L2.  The  proper  point  of 
connection  will  vary  with  the  capacity  of  CI  and  must  be  found  experi- 
mentally after  the  dielectric  to  be  exposed  between  the  plates  of  condenser 
CI  has  been  inserted.  Once  the  point  is  determined,  the  connections  can 
be  made  permanent.  The  method  used  in  locating  the  point  of  zero 
voltage  is  to  pass  a  small  tube  containing  neon  gas  along  the  conductor 
to  a  point  where  it  ceases  to  glow.  The  voltage  at  this  point  is  very 
near  the  electrical  center  of  the  system. 

This  circuit,  when  set  up  as  shown  in  Fig.  4,  will  produce  oscillations 
of  the  order  of  60  megacycles  and  the  field  of  CI  provides  an  excellent 
exposure  point  for  biological  material. 

The  above  circuits  may  be,  of  course,  adapted  to  much  more  powerful 
vacuum  tubes  than  here  listed,  but  the  standard  UX210  tubes,  or  the 
like,  are  suflBcient  for  most  biological  purposes.  Circuits  using  tubes 
up  to  34  kw.  are  fully  described  in  the  literature. 
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ADVANTAGEOUS  PROPERTIES  OF  ALPHA  PARTICLES2 

Alpha  particles^  are  an  intensely  ionizing  type  of  radiation.  Hence, 
their  most  striking  physical  effect  is  the  same  as  that  of  cathode,  beta, 
gamma,  and  X-rays.  However,  their  penetration  in  matter  is  very 
low.  Those  from  polonium  penetrate  air  about  3.9  cm.  and  water  about 
32  At  (Michl,  14).  Since  their  penetration  is  very  nearly  the  same  in 
substances  of  equal  density,  32  ijl  is  also  a  fair  value  for  their  penetration 
in  hving  matter.  This  low  penetration  makes  them  useless  for  cancer 
therapy,  w^hich  fact  accounts  for  their  relatively  infrequent  use  in  purely 
biological  experiments  dealing  with  effects  of  ionizing  radiations. 

However,  alpha  particles  offer  several  advantages  in  such  investi- 
gations if  small  biological  objects  are  used.  Their  paths  in  matter  are 
straight  lines,^  and  the  lengths  of  the  paths  are  nearly  equal  if  only  one 
radioactive  substance  is  used  as  the  source.  These  properties,  together 
with  the  low  penetration  (short  length  of  path),  make  it  possible  to  attack 
limited  portions  of  single  cells.  The  number  of  ions  produced  per  linear 
unit  of  an  alpha-particle  path  varies  in  a  characteristic  fashion  with  the 
distance  from  the  end  of  the  path  (Fig.  1).  This  makes  it  possible  to 
place  a  suitably  small  biological  test  object  at  various  distances  from 
the  end  of  the  path  and  thus  study  directly  the  effect  of  ion  concentration 

1  National  Research  Fellow  in  the  Biological  Sciences. 

2  Unless  otherwise  indicated  all  statements  of  a  physical  nature  are  based  upon  the 
book  by  Rutherford,  Chadwiok,  and  Ellis  (19). 

3  An  alpha  particle  is  a  helium  atom  lacking  two  electrons  and  hence  carrying 
a  double  positive  electronic  charge.  It  is  ejected  from  an  atom  of  a  radioactive 
substance  with  an  initial  velocity  of  the  order  of  one  twentieth  that  of  light.  The 
exact  value  of  the  initial  velocity,  and  hence  of  the  initial  energy,  is  different  for 
particles  from  different  radioactive  substances  but  is  the  same  for  all  particles  emitted 
by  any  one  substance.  The  same  is  approximately  true  of  the  total  penetration  in 
matter,  for  this  quantity  varies  nearly  as  the  cube  of  the  initial  velocity. 

*  Significant  deviations  from  straight  lines,  due  to  collisions  with  atomic  nuclei, 
are  so  rare  as  to  be  negligible  in  biological  work. 
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in  the  path.  This  is  at  present  impracticable  with  any  other  type  of 
radiation.  Absolute  values  of  doses  of  alpha  particles  can  be  determined 
directly  with  ease  and  accuracy,  and  expressed  in  terms  of  the  number 
of  particles  striking  in  unit  time  a  unit  area  at  a  definite  distance  from 
the  source.  It  is  to  be  noted  that  expression  of  dose  in  this  manner  makes 
possible  a  direct  and  precise  calculation  of  the  number  of  alpha-particle 
paths  which  traverse  any  cell  or  part  of  a  cell  during  administration  of 
any  given  dose.  This  also  is  at  present  impracticable  with  any  other 
type  of  radiation.     Duplication  of  dose  with  the  same  source  is  extremely 


Distance  from   Source 


3.87 cm.  air 
32  u  wafer 


Fig.  1. 


-Relation  between  ionization  per  unit  path  of  a  beam  of  alpha  particles  and  distance 
from  the  source  (polonium).      (.After  Curie  and  Behounek,  4.) 


easy,  because  the  rate  of  emission  of  alpha  particles  varies  with  time  in 
accordance  with  a  simple  exponential  law. 

SUITABLE  SOURCES  OF  ALPHA  PARTICLES 

Two  substances — radon  (radium  emanation)  and  polonium  (radium 
F) — have  been  used  as  sources  in  nearly  all  biological  work  with  alpha 
particles. 

Radon. — This  substance  is  a  chemically  inert  gas.  Its  chief  advan- 
tages over  polonium  are:  (A)  If  necessary  equipment  and  a  suitable 
amount  of  radium  are  available,  the  preparation  of  sources,  especially 
of  very  active  ones,  is  much  more  rapid.  (B)  The  gamma-ray  activity 
of  its  decay  products  makes  possible  a  rapid  and  accurate  indirect 
measurement  of  the  rate  of  emission  of  alpha  particles.  Its  chief  dis- 
advantages are:  (a)  It  decays  to  half  value  in  less  than  four  days.  This 
necessitates  a  new  source  every  few  days.  (6)  It  has  decay  products 
which  emit  beta  and  gamma  rays.  These  rays  require  special  investi- 
gation, so  as  to  make  sure  that  the  biological  effects  are  certainly  due  to 
alpha  particles,  (c)  Radon  has  two  decay  products — radium  A  and 
radium  C — which  also  emit  alpha  particles.  Since  the  particles  from 
these  two  substances  have  velocities  different  from  that  of  the  particles 
from  radon  itself,  this  means  that  the  alpha-ray  beam  from  a  radon  source 
is  heterogeneous.     In  many  types  of  experiments  this  may  be  of  no 
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importance,  but  in  experiments  such  as  those  involving  accurate  control 
of  penetration  it  may  be  very  disadvantageous. 

Radon  is  used  in  two  ways:  (i4)  dissolved  in  the  culture  medium;  (B) 
confined  in  very  thin-walled  glass  bulbs  (alpha-ray  bulbs).  The  first 
method  is  very  convenient  for  certain  types  of  qualitative  work,  but  its 
use  in  quantitative  work  is  open  to  several  criticisms :  (a)  The  distribution 
of  radon  between  organism  and  culture  medium  is  unpredictable.  The 
radon  may  not  be  absorbed  at  all  by  the  cells,  it  may  be  concentrated  in 
the  cells,  or  its  concentration  may  be  the  same  in  the  cells  and  in  the 
medium.  As  with  any  other  dissolved  substance,  the  only  way  to  make 
sure  of  the  degree  of  absorption  of  radon  is  to  make  direct  determinations 
upon  the  specific  organism  being  used.  The  same  is  true  for  each  of 
the  decay  products — radium  A  and  radium  C — which  also  emit  alpha 
particles.  (6)  The  radium  A  and  radium  C  further  compHcate  matters. 
If  pure  radon  is  introduced  into  the  closed  culture  vessel,  it  distributes 
itself  between  the  gas  and  liquid  phases  in  a  known  way.  The  formation 
of  radium  A  and  radium  C  becomes  significant  almost  immediately. 
(At  the  end  of  3  min.,  half  as  many,  and  at  the  end  of  9  min.,  seven- 
eighths  as  many  alpha  particles  are  being  emitted  by  radium  A  as  by 
radon  itself.)  The  rates  of  formation  are  accurately  known,  and  these 
substances  should  present  no  insuperable  difficulties  if  all  the  radon  decays 
in  the  liquid  phase.  However,  it  would  be  very  difficult  to  predict  what 
fractions  of  the  radium  A  and  radium  C  formed  in  the  gas  phase  find 
their  way  into  the  Uquid  phase  where  they  become  effective.  This 
uncertainty  is  significant  whenever  the  volume  of  the  gas  phase  is  of  as 
large  an  order  as  that  of  the  hquid  phase,  for  at  20°C.  the  distribution 
coefficient  of  radon  between  water  and  gas  phases  is  about  1:4.^  The 
uncertainty  becomes  worse  if  the  radon  is  introduced  along  with  the 
equilibrium  amounts  of  radium  A  and  radium  C,  for  these  substances 
are  solids  deposited  in  a  very  thin  layer  on  the  walls  of  the  original  radon 
container  and  may  or  may  not  dissolve  readily  in  the  culture  solution. 

The  use  of  radon  in  bulbs  is  much  more  satisfactory.  The  chief  dis- 
advantages are:  (a)  The  glass  walls  seriously  reduce  the  penetrating 
ability  of  the  emergent  alpha  particles,  (b)  Particles  ejected  at  various 
points  in  the  bulb  traverse  different  thicknesses  of  glass  before  emerging. 
This  introduces  further  heterogeneity  into  a  beam  of  particles  which  is 
already  heterogeneous  because  of  different  initial  velocities  (see  above). 

Polonium. — This  substance  has  the  following  advantages:  (a)  It 
decays  to  half  value  in  136  days.  A  source  of  satisfactory  original 
activity  may  be  used  upon  most  biological  material  for  at  least  2  or  3 
months  without  the  necessary  increase  in  length  of  exposure  becoming  a 
serious  factor.  (6)  It  is  the  only  known  substance  which  emits  alpha 
particles  and  has  no  radioactive  decay  products,     (c)  It  can  be  readily 

^  Derived  from  International  Critical  Tables  3 :  p.  257. 
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deposited  upon  free  metallic  surfaces.     The  radiation  from  such  a  source 
is  homogeneous.     Doses  can  be  calculated  with  certainty  and  precision. 

EFFECTS  UPON  MACROSCOPIC  STRUCTURES  AND  SYSTEMS 

Not  many  papers  can  be  definitely  placed  in  this  category.  The 
low  penetration  of  the  alpha  particles  usually  insures  that  the  observa- 
tions of  effects  will  be  made  upon  individual  cells  and  not  upon  gross 
morphological  structures.  Moreover,  a  number  of  investigations  with 
radon  cannot  be  included  because  it  is  uncertain  whether  the  reported 
results  are  ascribable  to  alpha  particles  or  to  beta  and  gamma  rays 
emitted  by  the  decay  products  of  radon. 

Zwaardemaker  (29)  reports  that  alpha  particles,  as  well  as  beta 
radiation,  will  compensate  for  the  omission  of  potassium  from  the  Ringer 
solution  ordinarily  used  in  maintaining  the  normal  beat  of  an  isolated 
frog's  heart.  He  accordingly  ascribes  the  essential  role  of  potassium 
in  this  solution  to  its  radioactivity.  Polak  (15)  confirms  these  results. 
Zwaardemaker  also  reports  that  the  effect  of  alpha  particles  is  antagonized 
by  an  appropriate  simultaneous  dose  of  beta  rays.  This  he  ascribes  to 
the  charge  of  the  beta  rays  (electrons)  being  opposite  in  sign  to  that  of 
the  alpha  rays.  As  Redfield  and  Bright  (18)  point  out,  this  seems  very 
improbable  in  view  of  the  fact  that  the  ionization  due  to  both  types  of 
radiation  produces  electrical  disturbances  which  are  tremendous  com- 
pared to  those  which  could  be  produced  by  transfer  of  the  charges  carried 
by  the  alpha  and  beta  particles. 

This  view  that  the  biological  effects  of  alpha  particles  are  due  to 
their  positive  charges  has  also  been  expressed  by  Straub  and  GoUwitzer- 
Meier  (22)  who  report  experiments  which  indicate  that  alpha  particles 
facilitate  the  loss  of  negative  charge  and  the  assumption  of  a  positive  one 
by  human  red  blood  cells.  Hardy  (8)  also  invoked  the  charges  of  the 
alpha  particles  to  explain  his  observation  that  this  radiation  coagulated 
serum  globulin  in  alkaline  solution  (globulin  charged  negatively),  while 
an  acid  solution  (globulin  charged  positively)  became  clearer.  However, 
in  both  these  cases,  the  observed  results  could  be  qualitatively  explained 
by  the  assumption  that  the  fundamental  effect  of  the  alpha  particles 
was  the  removal  of  electrons  from  (or  ionization  of)  the  red-cell  con- 
stituents and  the  globulin  molecules,  respectively.  Moreover,  with  this 
assumption,  one  could  account  for  some  10,000  to  15,000  times  as  much 
removal  or  addition  of  charge  as  could  be  brought  about  by  means  of  the 
charges  carried  by  the  particles  themselves. 

Chambers  and  Russ^  observed  what  may  be  an  instance  of  qualitative 
difference  in  biological  effects  of  alpha  rays  and  of  beta  rays.  When 
both  alpha  and  beta  rays  were  used  on  a  suspension  of  bacteria,  marked 
agglutination  occurred  before  the  lethal  point  was  reached.     If  the  alpha 

^  Original  paper  not  available.    See  Colwell  and  Russ  (2),  p.  162. 
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rays  were  screened  off,  no  agglutination  took  place,  although  the  death 
point  was  ultimately  reached.  Colwell  and  Russ  (2)  suggest  that  the 
charges  on  the  particles  may  be  responsible  for  the  difference  in  action 
in  the  two  cases.  A  more  probable  factor  is  the  difference  in  the  distribu- 
tion of  the  ions  produced  by  the  two  types  of  radiation. 

The  relatively  tremendous  destructive  power  of  alpha  particles  is 
demonstrated  in  an  early  paper  by  Willcock  (25).  This  author  exposed 
Hydra  viridis  to  50  mg.  of  radium  bromide  in  such  a  way  that  the  alpha, 
beta,  and  gamma  rays  could  all  reach  the  organism.  The  animal's 
vitality  was  low  at  the  end  of  1  hr.  and  disintegration  occurred  after 
2  hr.  However,  when  only  the  beta  and  gamma  rays  from  the  same 
preparation  were  allowed  to  reach  the  organism,  the  latter  survived  for 
several  days  after  an  exposure  of  4.5  hr. 

This  great  destructive  ability  has  recently  proved  to  be  of  economic 
and  clinical  importance.  A  number  of  girls,  while  working  with  radio- 
active luminous  paint,  ingested  amounts  of  radium  ranging  from  10  to 
180  micrograms.  After  several  years,  serious  pathological  conditions — 
chiefly  anemias  and  sarcomas  of  the  bones — developed,  and  death 
usually  resulted.  These  effects  are  almost  certainly  due  to  the  alpha 
particles  emitted  by  the  radium  and  its  decay  products.  Martland 
(13)  has  summarized  these  cases,  particularly  the  clinical  aspects,  and 
Schlundt,  with  various  collaborators,  has  described  the  pertinent  physical 
investigations  {e.g.,  Schlundt  and  Failla,  20).  Thomas  and  Bruner  (24) 
have  recently  produced  anemias  and  other  pathological  conditions  in 
rats  by  injection  of  a  few  micrograms  of  radium.  This  work,  along  with 
the  clinical  observations  just  mentioned,  emphasizes  the  need  for  investi- 
gation of  the  fundamental  effects  of  alpha  particles  on  living  matter. 
As  Martland  (13)  points  out,  it  is  possible  that  the  initiation  of  some 
malignant  growths  may  be  due  to  the  action  of  radioactive  substances 
normally  present  in  the  body  in  amounts  minute  in  comparison  with 
those  concerned  in  the  cases  of  radium  poisoning. 

Stoklasa  and  Penkava  (21,  page  739)  describe  lethal  effects  of  radon 
upon  guinea  pigs,  mice,  frogs,  and  lizards.  These  effects  are  ascribed  to 
alpha  particles.  The  doses  reported,  however,  are  surprisingly  small. 
If  one  calculates  the  maximum  number  of  alpha  particles  which  could 
have  been  emitted  per  unit  time  per  unit  volume  of  animal  (guinea  pig  or 
mouse),  the  figure  obtained  is  less  than  one-twentieth  of  that  resulting 
from  a  similar  calculation  of  the  minimum  intensity  used  by  Thomas  and 
Bruner  (24)  on  rats.  Moreover,  the  time  required  for  the  rats  to  die 
under  continuous  exposure  was  about  10  times  that  reported  by  Stoklasa 
and  his  coworker  for  mice  and  guinea  pigs,  so  that  the  ratio  of  the  doses 
used  by  the  two  sets  of  workers  is  at  least  200:1. 

Favorable  effects  of  alpha  particles  upon  seed  germination  have  been 
reported  at  least  twice.     Such  an  effect  is  very  surprising,  for  the  alpha 
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particles  certainly  could  not  have  penetrated  through  the  coats  of  the 
particular  seeds  used.  Gager  (7)  exposed  16  wheat  grains  to  polonium 
alpha  particles  and  found,  11  days  after  planting  them,  that  the  average 
shoot  length  of  the  resulting  seedlings  was  123  mm.,  while  the  correspond- 
ing figure  for  the  controls  was  76  mm.  However,  he  planted  the  irradi- 
ated grains  all  in  one  pot  and  the  controls  in  another.  The  observed 
acceleration  of  germination  may  have  been  due  to  some  factor  other  than 
the  radiation.  Stoklasa  and  Penkava  (21,  pages  359-360)  report  a 
favorable  effect  of  alpha  particles  upon  germination  of  seeds  of  Picea 
excelsa  and  Pinus  silvestris.  However,  their  data  as  a  whole  show  that 
the  reported  increases  are  not  statistically  significant.  Moreover,  they 
germinated  the  irradiated  and  control  lots  in  separate  vessels  and  report 
no  use  of  duplicates. 

Stoklasa  and  Penkava  (21)  report  various  other  cases  of  acceleration 
of  vital  processes  by  minute  quantities  of  radon  and  ascribe  the  effects  to 
alpha  particles.  For  example,  the  carbon  dioxide  production  of  fish 
(Cyprinus  carpio)  is  increased  (21,  pages  877-879)  by  a  concentration  of 
2.9  X  10"*  mc.  of  radon  per  liter  in  the  gas  phase  of  the  respiration 
chamber.  Here,  as  in  other  cases,  the  authors  find  that  the  alpha 
particles  have  an  effect  opposite  to  that  of  beta  and  gamma  rays  from  a 
tube  preparation  of  radon.  The  following  figures  summarize  their 
results : 

Deviation  of  Carbon 
Dioxide  Production  from 
Radiation  Controls,  Per  Cent 

Alpha 39 .  39  increase 

Beta  and  gamma 15 .  75  decrease 

Gamma  (experiment  1) 6.11  increase 

Gamma  (experiment  2) 19.  23  increase 

These  results  are  very  difficult  to  understand,  since  it  is  very  doubtful 
that  the  beta  rays  could  reach  the  fish.  Practically  all  of  these  rays 
would  have  been  stopped  by  1  cm.  of  water,  and  the  authors  mention 
no  precautions  to  keep  the  fish  near  the  top.  Failures  (such  as  this  one 
and  others  mentioned  above)  to  take  properly  into  account  the  physical 
properties  of  these  various  radiations,  are  conducive  to  a  general  lack  of 
confidence  in  the  results  reported  by  these  authors. 

EFFECTS  UPON  SINGLE  CELLS,  PARTS  OF  CELLS,  AND  SMALL  GROUPS 

OF  CELLS 

Every  paper  reviewed  under  this  heading  describes  the  production 
of  marked  abnormality  in  the  biological  material.  No  favorable  effects 
have  been  described,  although  in  some  cases  these  should  have  been 
observable  if  actually  produced. 

Chambers  and  Russ  (1)  found  that  alpha  rays  hemolyze  red  cor- 
puscles.    Two  methods  were  used:  (a)  solution  of  radon  in  a  suspension 
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of  corpuscles;  (6)  irradiation  with  2.4  or  3.3  mg.  RaBr2  through  mica 
screens.  Estimates  of  the  number  of  alpha  particles  necessary  to 
hemolyze  a  corpuscle  gave  the  figure  2000  when  radon  was  in  solution 
and  8000  when  the  rays  had  to  penetrate  through  mica. 

Experiments  with  leucocytes  showed  that  these  had  a  tendency  to 
avoid  or  to  migrate  away  from  a  region  undergoing  alpha  irradiation. 
Since  the  serum  showed  a  decrease  in  surface  tension  when  irradiated,  the 
behavior  of  the  leucocytes  was  ascribed  to  this  physical  change  in  their 
medium. 

These  authors  report  general  negative  results  when  the  alpha  rays 
were  screened  off,  only  the  beta  and  gamma  rays  remaining  effective. 
However,  they  used  under  these  conditions  exposures  of  the  same  order 
of  duration  as  those  used  with  all  three  types  of  rays  effective.  If  they 
had  irradiated  for  longer  periods,  the  beta  and  gamma  rays  alone  would 
probably  have  produced  similar  effects. 

Redfield  and  Bright  (17),  as  a  matter  of  fact,  demonstrated  this  to  be 
true.  They  found  that  25  per  cent  hemolysis  of  sheep  red  corpuscles 
could  be  produced  in  5  hr.  by  0.46  mc.  of  radon  in  solution  or  by  54.0  mc. 
in  a  glass  tube  (alpha  rays  screened  off).  This  is  another  illustration  of 
the  relatively  enormous  destructive  power  of  the  alpha  particle.  Hemo- 
chromolysis  and  stromatolysis  were  found  to  proceed  at  different  rates, 
the  former  being  complete  when  the  latter  was  only  about  50  per  cent 
complete. 

Swann  and  del  Rosario  (23)  produced  nonmotility  in  Euglena  by 
means  of  radon  in  solution.  When  the  percentage  of  survivors  was 
plotted  over  time  of  exposure,  the  resulting  curves  were  logarithmic  and 
their  slopes  were  proportional  to  the  concentration  of  radon.  (The 
effects  of  alpha  particles  from  radium  A  and  radium  'C  were  not  con- 
sidered.) From  this  result  the  authors  concluded  that  the  effect  upon  a 
cell  was  due  to  a  collision  of  a  single  alpha  particle  with  some  especially 
sensitive  volume  in  the  cell.  The  calculated  surface  of  this  sensitive 
volume  corresponded  to  that  of  a  sphere  4.8 /u  in  diameter,  which  is  very 
nearly  the  diameter  of  the  Euglena  nucleus.  However,  when  correction 
is  made  for  a  numerical  error  due  to  a  misinterpretation  of  the  tables 
used,  it  is  found  that  the  diameter  of  the  hypothetical  sensitive  volume 
must  be  of  a  considerably  lower  order  than  that  originally  calculated.'^ 

Lethal  effects  of  alpha  particles  upon  yeast  have  been  described  in 
papers  by  Holweck  (10),  and  by  Lacassagne  (12),  and  by  these  two 
authors  jointly  (11).  Two  types  of  effect  were  classified:  (a)  no  cell 
division  ("immediate  death");  (6)  one  cell  division  ("deferred  death"). 
Cells  accomplishing  more  than  one  division  were  considered  miaffected. 
Dosage  was  calculated  in  terms  of  number  of  ion  pairs  produced  per 

'  The  value  and  validity  of  the  concept  of  a  "sensitive  volume"  have  been  dis- 
cussed by  Crowther  (3). 
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cubic  micron.  The  doses  necessary  to  produce  deferred  death  and  imme- 
diate death  in  50  per  cent  of  the  cells  (observations  made  24  hr.  after 
irradiation)  are  tabulated  below.  The  results  of  similar  calculations 
for  soft  X-rays  are  shown  for  comparison. 


Radiation 


Alpha 

X  (1.93  A) 
X  (8.32  A) 


Ion  pairs  per  cubic  micron 
necessary  to  produce: 


50  per  cent 

deferred 

death 


58,000 
47,000 
30,000 


50  per  cent 

immediate 

death 


810,000 
750,000 
600,000 


These  results  indicate  that  the  amount  of  ionization  necessary  to 
produce  a  given  degree  of  effect  is  of  the  same  order  for  all  of  these 
radiations. 

Feichtinger  (5)  made  comparative  studies  of  the  effects  of  alpha  rays 
(from  polonium)  and  beta  rays  (from  radium  C  and  radium  E)  upon  the 
root-tip  cells  of  Crepis  virens.  Her  sources  of  alpha  and  beta  rays  were 
estimated  to  be  of  equivalent  ionizing  power  per  unit  volume  of  proto- 
plasm. After  irradiation  the  roots  were  fixed,  embedded,  sectioned,  and 
stained  with  iron-alum  hematoxylin.  Three  stages  of  effects  were 
recognized:  (a)  increased  affinity  of  the  cell  contents  for  the  stain;  (6) 
formation  of  vacuoles  and  clumping  of  protoplasm,  the  cell  as  a  whole 
appearing  deeply  stained;  (c)  breaking  up  of  the  protoplasm  into  small, 
deeply  staining  granules  which  lie  near  the  cell  wall,  the  cell  as  a  whole 
appearing  rather  empty.  For  equal  estimated  ionization  per  unit 
volume,  the  effects  of  the  alpha  and  beta  rays  were  the  same.  The 
alpha-ray  effect  was  limited  to  an  external  layer  about  30 /x  thick,  while 
the  beta  rays  were  effective  in  all  cells  of  the  root.  This,  of  course,  was 
to  be  expected  because  of  the  difference  in  the  penetrating  powers  of  the 
two  types  of  radiation. 

In  a  recent  paper  (6)  the  same  author  reports  viscosity  changes  in 
cells  of  Spirogyra  irradiated  with  alpha  particles.  As  the  dosage  was 
increased,  the  viscosity  (as  indicated  by  migration  of  chloroplasts  under 
centrifugation)  first  decreased  and  then  increased.  Beta  rays  had  a 
similar  effect.  These  results  appear  in  agreement  with  the  observations 
of  Williams  (26)  that  X-rays  first  increase  and  then  decrease  the  rate  of 
protoplasmic  streaming  in  various  plant  cells. 

The  low  and  nearly  uniform  penetration  of  polonium  alpha  particles 
makes  it  possible  to  irradiate  limited  portions  of  cells  ranging  in  diameter 
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from  20  to  100^.     This  advantage  has  been  used  by  Zirkle  (27)  to  compare 
the  effects  of  irradiation  of  a  nucleated  fraction  of  the  cell  with  those  of  a 
corresponding  irradiation  of  an  equal  fraction  lacking  the  nucleus.     The 
spore  of  the  fern  Pteris  longifolia  was  especially  favorable  material  for 
this  investigation  because  the  nucleus   (10/i  in  diameter)   lies  at  the 
periphery  of  the  protoplast  (38m  in  diameter)  and  its  location  can  be 
readily  ascertained  from  its  proximity  to  a  Y-shaped  set  of  sutures  on  the 
spore  wall.     By  interposition  of  a  thin  aluminum  screen  the  penetration 
of  the  alpha  particles  was  reduced  sufficiently  to  insure  that  only  the 
top  third  of  each  cell  was  irradiated.     If  the  wall  sutures  of  a  given 
spore  were  upward,  the  nucleus  was  in  the  irradiated  volume;  if  the 
sutures  were  downward,  an  equal  total  volume  was  irradiated  but  the 
nucleus  escaped.     The  qualitative  effects  of  irradiation  were  the  same 
under   both   of  these   conditions.     Three   distinct   activities   of  normal 
germination — cracking  of  the  spore  wall,  chlorophyll  development,  and 
cell  division — were  inhibited.     Division  was  more  easily  inhibited  than 
chlorophyll   development   and   the   latter   more   easily   than   cracking.^ 
When  the  nucleus  was  in  the  irradiated  volume,  the  dose  of  alpha  particles 
needed  to  inhibit  any  one  of  these  processes  in  any  given  percentage  of 
individuals  was  far  less  than  when  the  nucleus  was  not  irradiated.     An 
exact  numerical  comparison  is  impracticable,  but  a  lower  limit  of  20:1 
may  be  set  for  the  ratio  of  effectiveness  of  a  given  dose  of  alpha  particles 
under  the  two  conditions.     This  result  is,  of  course,  not  surprising  as 
far  as  cell  division  is  concerned.     The  essential  role  of  the  nucleus  in 
mitosis  is  well  known.     It  is  of  interest,  however,  to  note  that  injury 
to  the  nucleus  is  also  especially  effective  in  prevention  of  chlorophyll 
formation  and  in  prevention  of  absorption  of  enough  water  to  crack 
the  spore  wall. 

Henshaw  and  Henshaw  (9)  also  describe  results  which  demonstrate 
that  alpha  particles  are  particularly  effective  when  they  strike  nuclei. 
These  authors  studied  the  change  in  susceptibility  of  eggs  of  Drosophila  as 
development  progresses.  The  transverse  diameter  of  the  egg  of  Dros- 
ophila is  about  100/i,  and  under  the  particular  experimental  conditions 
the  alpha  particles  from  polonium  must  not  have  penetrated  more  than 
15m.  Hence  only  a  relatively  thin  peripheral  layer  of  each  developing 
egg  was  irradiated.  In  the  early  stages  of  development  the  nuclei  are 
located  well  within  the  egg.  As  they  multiply,  they  migrate  toward 
the  periphery  and  form  a  blastoderm.  Later,  as  gastrulation  begins, 
many  of  the  nuclei  move  inward,  out  of  range  of  the  alpha  particles. 
Henshaw  and  Henshaw  found  that  this  migration  of  nuclei  was  definitely 
correlated  with  sensitivity,  the  eggs  being  most  susceptible  when  the 
nuclei  were  located  peripherally.     This  was  true  in  spite  of  the  fact  that, 

*  These  effects  are  qualitatively  the  same  as  those  of  soft  X-rays  (unpublished 
data,  obtained  with  Dr.  A.  L.  Patterson). 


568  BIOLOGICAL  EFFECTS  OF  RADIATION 

at  this  stage  of  development,  the  eggs  were  least  susceptible  to  X-rays 
which,  of  course,  penetrated  to  all  parts  of  the  egg. 

Redfield  and  Bright  (16)  have  studied  a  very  interesting  effect  of 
alpha  particles  upon  the  egg  of  Nereis  limbata.  Immediately  beneath  the 
vitelline  membrane  of  the  unfertilized  egg  is  a  coarsely  alveolar  layer 
about  4/x  thick.  This  layer  contains  a  jelly  which,  after  fertilization,  is 
extruded  through  the  vitelline  membrane,  forming  a  thick  layer  outside 
the  egg.  The  emptied  alveoli  become  filled  with  water,  forming  a  thin 
peri  vitelline  space  between  the  vitelline  membrane  and  the  protoplasm. 
Irradiation  with  alpha  particles  caused  a  decrease  in  jelly  extrusion,  while 
the  volume  of  the  perivitelline  space  was  correspondingly  increased. 
This  effect  was  also  produced  by  beta  rays,  gamma  rays,  and  ultra-violet 

o 

light  of  wave-length  less  than  3000  A  and  hence  seems  to  be  an  effect  of 
ionizing  radiations  in  general. 

In  a  later  paper  (18)  these  authors  demonstrate  a  striking  relationship 
between  ionizing  power  of  alpha  rays  and  degree  of  biological  effect 
(thickness  of  perivitelline  space).  The  source  of  radiation  was  an 
exceptionally  thin-walled  glass  bulb  containing  radon  and,  of  course, 
radium  A  and  radium  C.  The  alpha  particles  from  radon,  radium  A, 
and  radium  C  have  different  penetrating  abilities.  Hence  the  experi- 
mental curve  describing  the  variation  in  ionization  per  unit  path  with 
the  distance  from  such  a  source  is  not  so  simple  as  that  shown  in  Fig.  1 
for  a  polonium  source.  It  has  three  maxima  and  two  minima.  Two 
of  the  maxima  and  one  of  the  minima  are  quite  pronounced.  Redfield 
and  his  coworker  exposed  various  lots  of  Nereis  eggs  to  the  same  dose 
of  alpha  particles  per  egg  but  with  the  thin  perivitelline  spaces  at  differ- 
ent distances  from  the  source.  When  degree  of  biological  effect  was  plot- 
ted over  distance  from  the  source,  the  resulting  curve  had  two  maxima 
and  one  minimum.  Moreover,  the  distances  between  these  three  critical 
points  were  the  same  as  the  corresponding  distances  on  the  ionization 
curve.  This  result  shows  very  clearly  that  the  biological  effectiveness 
of  the  alpha  particle  varies  along  its  path,  and  that  this  variation  is 
closely  related  to  the  variable  ionization  per  unit  path. 

Unfortunately,  because  of  limited  data  and  the  heterogeneity  of  the 
alpha  particles  used,  it  is  impracticable  to  deduce  just  what  mathematical 
relationship  existed  between  ionization  per  unit  path  and  the  effectiveness 
in  prevention  of  jelly  secretion.  If  the  biological  effectiveness  could  be 
shown  to  be  directly  proportional  to  the  ionization  per  unit  path,  then  it 
would  be  evident  that  the  production  of  a  given  degree  of  effect  was  due 
only  to  the  production  of  a  given  number  of  ions.  It  would  be  immaterial 
whether  this  number  of  ions  be  produced  by  a  relatively  small  number 
of  alpha  particles  traversing  the  perivitelline  space  at  that  part  of  the 
path  where  the  ionization  is  relatively  high,  or  vice  versa.  On  the  other 
hand,  if  biological  effectiveness  could  be  shown  not  to  be  directly  propor- 
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tional  to  the  ionization  per  unit  path,  then  it  would  be  obvious  that  the 
distribution,  as  well  as  the  number,  of  the  ions  was  a  factor  influencing 
the  biological  effectiveness. 

The  possibility  that  the  distribution  as  well  as  the  number  of  ions 
may  influence  the  biological  effectiveness  has  been  recently  investigated 
by  Zirkle  (28).  Polonium  was  used  as  source,  and  the  ionization  along 
the  path  of  the  average  alpha  particle  varied  as  shown  in  Fig.  1.  Since 
the  total  length  of  path  was  32  m,  it  was  possible  to  place  nuclei  of  vari- 
ous lots  of  fern  spores  (10  fi  in  diameter,  see  above)  so  that  some  were 
traversed  by  alpha  particles  at  the  beginning  of  their  paths  where  the 
ionization  per  unit  path  was  low;  some  at  the  ends  of  the  paths,  where 
the  ionization  per  unit  path  was  high;  and  others  in  intermediate  por- 
tions of  the  paths.  The  nuclei  of  all  lots  were  turned  upward  (see  above) 
and,  by  interposition  of  a  suitable  thickness  of  aluminum,  the  alpha 
particles  could  be  retarded  sufficiently  to  cause  them  to  traverse  the  nuclei 
at  any  desired  linear  portion  of  the  path.  Seven  portions  of  the  path 
were  investigated.  The  ionization  produced  in  the  nucleus  by  the 
average  alpha  particle  under  these  seven  conditions  is  shown  in  the 
second  column  of  Table  1  (arbitrary  units).  The  arbitrary  values,  it  will 
be  noted,  range  from  1.00  at  position  1  (near  the  end  of  the  path)  to 
0.58  at  position  7  (near  the  beginning  of  the  path).  The  biological 
effectiveness  at  the  seven  positions  was  obtained  as  follows:  A  complete 
survivor-dosage  curve  was  obtained  for  each  position.  From  this  curve 
could  be  determined  the  number  of  alpha  particles  per  nucleus  necessary 
to  produce  a  given  degree  of  biological  effect  {e.g.,  inhibition  of  cell 
division).  The  reciprocal  of  this  number  was  then  a  measure  of  biologi- 
cal effectiveness  per  alpha  particle.  The  seven  measures  of  biological 
effectiveness^  thus  obtained  are  shown  in  the  third  column  of  Table  1 
(arbitrary  units).  Now,  if  biological  effectiveness  of  an  alpha  particle 
were  determined  solely  by  the  number  of  ions  it  produced  in  the  nucleus, 
it  is  plain  that  the  observed  biological  effectiveness  at  the  seven  positions 
should,  within  experimental  error,  be  proportional  to  the  ionization  at 
these  positions.  In  other  words,  the  figures  in  columns  2  and  3  of  Table  1 
should  be  substantially  the  same.  However,  there  is  a  systematic 
divergence  in  these  two  columns.  It  is  hence  clear  that  biological 
effectiveness  is  not  dependent  solely  upon  number  of  ions  per  nucleus. 
Distribution  of  ions  also  must  be  a  factor.  For  a  given  amount  of  nuclear 
ionization,  the  maximum  effect  is  obtained  by  using  the  fewest  possible 
paths,  with  of  course  the  highest  production  of  ions  per  unit  path. 

'  These  values  were  the  same,  regardless  of  the  degree  of  effect  chosen  as  end  point; 
that  is,  the  seven  curves  had  the  same  shape  but  different  slopes.  The  same  values, 
within  experimental  error,  were  obtained  with  all  the  three  processes  studied  (cracking, 
chlorophyll  development,  division).  The  figures  in  column  3  of  Table  1  are  averaged 
from  the  three  corresponding  sets  of  data. 
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Table  1. — Comparison  of  Biological  Effectiveness  of  Alpha  Particles  with 

Their  Ionizing  Ability 


Nuclear  position 

Ionization 

Observed  biological 

Theoretical  biologi- 

produced in  nucleus 

effectiveness 

cal  effectiveness" 

1 

1.00 

1.00 

1.0 

2 

1.00 

1.00 

0.97 

3 

0.85 

0.60 

0.61 

4 

0.77 

0.46 

0.47 

5 

0.68 

0.36 

0  35 

6 

0.62 

0.28 

0  29 

7 

0.58 

0.23 

0.23 

"  Based  on  the  assumption  that  the  biological  effectiveness  varies  as  the  five  halves  power  of  the 
ionization  per  unit  path. 

Although  biological  effectiveness  is  clearly  not  a  linear  function  of 
ionization  per  unit  path,  there  is  apparently  a  simple  mathematical 
relationship  between  the  two.  This  can  be  expressed  (Zirkle,  28)  by  the 
empirical  equation  B  —  kP-'°,  where  B  is  biological  effectiveness,  k  a 
constant,  and  /  the  ionization  per  unit  path  (compare  columns  3  and  4, 
Table  1).  Since  the  effective  radius  of  the  path  is  roughly  the  same 
throughout  the  length  of  the  path,  it  follows  that  /  is  roughly  propor- 
tional to  the  local  concentration  of  ions  in  the  path.  It  thus  appears 
that  in  different  portions  of  the  path,  the  biological  effectiveness  of  the 
alpha  particle  varies  with  the  ion  concentration  raised  to  some  power  of 
the  order  of  the  square  or  the  cube. 

These  results  immediately  suggest  the  investigation  of  a  possible 
concentration  factor  in  the  action  of  alpha  particles  upon  other  biological 
material.  It  would  also  be  of  great  interest  to  determine  whether  or  not 
the  concentration  effect  can  be  modified  by  biological  factors,  such  as 
water  content. 


SUMMARY 

Practically  all  of  the  reported  effects  of  alpha  particles  have  been 
lethal  or  harmful.  The  few  reports  of  favorable  stimulation  are  all  open 
to  serious  criticism. 

The  qualitative  effects  of  alpha  particles  have  usually  been  found 
similar  to  those  of  beta,  gamma,  and  X-rays.  Moreover,  the  doses  of 
these  various  radiations  necessary  to  produce  a  given  degree  of  biological 
effect  have  been  found  to  produce  the  same  order  of  magnitude  of  calcu- 
lated total  ionization  per  unit  cellular  volume.  However,  the  total 
ionization  per  unit  cellular  volume  is  not  the  only  ionization  factor  deter- 
mining the  degree  of  biological  effect,  for  with  alpha  particles  it  has  been 
shown  that  a  given  number  of  ions  may  produce  widely  different  degrees 
of  biological  effect  if  one  uses  various  linear  portions  of  the  ionizing  paths 
along  which  the  concentration  of  ions  varies  considerably. 
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Alpha  particles  have  proved  very  useful  in  irradiating  limited  por- 
tions of  cells.  Irradiation  of  the  nucleus  has  been  shown,  in  two  distinct 
investigations,  to  be  particularly  important  in  producing  various  harm- 
ful effects. 

Alpha  particles,  when  emitted  in  the  mammalian  body  at  relatively 
low  rates  for  considerable  periods  of  time,  produce  serious  pathological 
conditions,  including  malignant  growth. 
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A  motor  response  is  often  defined  as  a  change  in  rate  or  in  direction  of 
movement  of  an  organism  or  a  portion  of  it.  This  definition  is  accepted 
in  the  following  review.  The  space  allotted  is,  however,  so  limited  that 
it  is  not  expedient  to  attempt  to  consider  even  superficially  these  responses 
in  all  the  species  of  invertebrates.  I  shall  therefore  omit  several  groups 
altogether  and  select  for  discussion  only  a  few"  species  in  the  remaining 
groups,  i.e.,  those  which  have  been  most  thoroughly  studied. 

RHIZOPODS 

Response  to  light  is  fairly  common  among  the  rhizopods  and  the 
results  in  hand  indicate  that  it  is  essentially  the  same  in  all.  It  has, 
however,  been  thoroughly  investigated  in  only  one  species.  Amoeba 
proteus. 

Amoeba  proteus  consists  of  a  thin  elastic  outer  membrane,  the  plas- 
malemma,  a  central  relatively  fluid  granular  mass,  the  plasmasol,  sur- 
rounded by  a  relatively  solid  granular  layer,  the  plasmagel,  and  a  thin 
fluid  hyaline  layer  between  the  plasmagel  and  the  plasmalemma.  During 
locomotion  the  plasmalemma  is  attached  to  the  substratum  and  to  the 
adjoining  plasmagel,  the  plasmagel  at  the  posterior  end  is  transformed 
into  plasmasol  which  flows  forward  to  the  anterior  end  and  is  there  trans- 
formed into  plasmagel.  The  forward  flow  of  the  plasmasol  is  due  to 
contraction  of  the  plasmagel  at  the  posterior  end  and  expansion  at  the 
anterior  end,  owing  to  difference  in  its  elastic  strength  in  these  two 
regions.  Response  in  this  form  is  due  to  changes  in  the  elastic  strength 
of  localized  regions  in  the  plasmagel,  or  in  the  rate  of  transformation  of 
plasmasol  into  plasmagel  and  vice  versa,  or  in  the  attachment  to  the 
substratum  (Mast,  148a,  151a,  153). 

There  are  two  types  of  responses  to  light  in  Amoeba,  one  of  which  is 
primarily  correlated  with  the  magnitude  of  change  in  intensity,  and  the 
other  with  the  rate  of  change  in  intensity.  The  latter  is  closely  correlated 
with  adaptation;  the  former  is  not. 
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(a)  If  an  amoeba  is  kept  for  some  time  in  very  weak  light  it  becomes 
relatively  inactive;  and  if  the  light  is  now  increased,  it  very  gradually 
becomes  more  active  again.  This  response  is  similar  to  the  response  to 
change  in  temperature.  It  is  primarily  correlated  with  the  magnitude 
of  the  change,  not  with  the  rate  of  change  in  intensity.  It  is  probably 
due  to  the  effect  of  light  on  the  rate  of  transformation  of  gel  to  sol  and 
vice  versa.  This  type  of  response  occurs  also  in  Difflugia  (Mast,  1536), 
but  the  observations  on  it  should  be  repeated  and  extended  under 
carefully  controlled  conditions. 

(6)  If  the  intensity  of  light  on  an  active  amoeba  is  rapidly  increased, 
movement  stops  suddenly  (Engelmann,  57,  et  al.).  If  it  is  slowly 
increased  this  does  not  occur.  This  response,  therefore,  depends  upon 
the  rate  of  change  in  luminous  intensity  (Mast,  139).  Pfeffer  called 
responses  of  this  sort  ''Schreckbewegung,"  shock-reaction. 

The  character  and  the  magnitude  of  the  response  to  rapid  increase  in 
light  vary  greatly  in  Amoeba.  It  may  consist  merely  of  momentary 
retardation  in  streaming  in  a  localized  region  in  a  pseudopod,  of  total 
cessation  throughout  the  entire  animal  with  reversal  in  direction  of 
streaming  after  recovery,  or  of  any  one  of  an  endless  number  of  modifica- 
tions between  these  extremes.  The  character  of  the  response  is  corre- 
lated with  the  amount  of  light  received,  as  well  as  with  the  rate  of 
reception.  There  is  no  fixed  threshold  and  the  ''all-or-none  law"  does 
not  apply  (Mast,  153). 

If  an  amoeba  is  intensely  illuminated  for  only  a  very  short  time, 
movement  does  not  cease  until  some  time  after  the  light  has  been  cut  off. 
The  period  between  the  beginning  of  illumination  and  the  response  is 
known  as  the  "reaction  time";  the  time  illumination  must  continue,  the 
"stimulation  period";  and  the  time  it  need  not  continue,  the  "latent 
period"  (Folger,  64).  There  are  therefore  two  processes  involved  in 
producing  this  response.  The  one  occurs  only  in  light,  the  other  in  light 
or  in  darkness.  The  action  of  light  probably  results  in  the  formation  of  a 
substance  which  by  its  action  produces,  independent  of  light,  another 
substance  which  induces  the  response. 

After  an  amoeba  has  responded  to  rapid  increase  in  illumination, 
some  time  must  elapse  before  it  will  again  respond  to  the  same  increase 
in  illumination.  There  is  therefore  a  refractory  period,  a  period  during 
which  the  amoeba  recovers  from  the  effect  of  the  stimulation.  During 
a  part  of  this  period  the  amoeba  may  remain  either  in  light  of  the  same 
intensity  as  that  which  induced  the  response,  in  light  of  lower  intensity, 
or  in  darkness,  but  during  the  rest  of  the  period  it  must  be  in  light  of 
lower  intensity  or  in  darkness.  There  are  therefore  two  processes  which 
occur  during  the  refractory  period,  one  (1  to  2  min.)  which  proceeds  with 
or  without  any  change  in  luminous  intensity,  and  one  (10  to  20  sec.) 
which  proceeds  only  if  the  intensity  is  decreased.     These  processes  result 
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in  the  production  of  the  physiological  state  which  obtained  before  the 
exposure,  i.e.,  in  recovery  (Folger,  64). 

The  latent  period  and  the  amount  of  light  energy  required  to  induce 
cessation  of  movement  vary  with  the  intensity  of  the  hght  used;  as  the 
intensity  increases,  the  latent  period  increases  rapidly  from  about 
1  sec.  at  500+  meter-candles  to  a  maximum  of  about  6  sec.  at  1000  ± 
meter-candles  and  then  decreases  gradually  to  about  0.75  sec.  at  11,000  ± 
meter-candles ;  and  the  light  energy  required  to  induce  cessation  of  move- 
ment decreases  from  about  7000+  meter-candle  sec.  at  500+  meter- 
candles  to  a  maximum  of  about  24,000+  meter-candle  sec.  at  1500  + 
meter-candles  and  then  increases  to  about  30,000  +  meter-candle  sec.  at 
11,000  +  meter-candles  (Folger,  64).  These  figures  are  only  rather  crude 
approximations  for  they  were  obtained  by  a  method  of  calculation  which 
yields  results  with  a  large  probable  error  and  they  have  not  been  con- 
firmed. They  are,  however,  sufficiently  accurate  to  substantiate  Folger's 
conclusion  that  the  Bunsen-Roscoe  law  does  not  hold. 

This  work  should  be  repeated  and  the  latent  period  established  by 
direct  observation  in  all  luminous  intensities,  instead  of  by  calculation. 
This  is  especially  desirable  since  recent  experience  makes  it  possible 
to  select  specimens  of  Amoeba  proteus  in  which  the  responses  are  much 
more  consistent  than  they  were  in  those  used  by  Folger. 

No  explanation  has  been  offered  for  the  variation  in  the  latent  period, 
with  luminous  intensity  during  the  stimulation  period;  but  it  has  been 
suggested  that  the  variation  in  the  amount  of  light  energy  required  to 
induce  cessation  of  movement  is  due,  at  least  in  part,  to  adaptation 
(Mast,  153).  For  if  the  fight  is  rapidly  increased  and  then  held,  stream- 
ing soon  begins  again,  i.e.,  the  organism  recovers  from  the  effect  of  the 
increase  in  light,  in  other  words,  becomes  adapted  (Mast,  139 ;  Folger,  64). 
This  shows  that  the  effect  of  rapid  increase  in  light  is  eliminated  while 
the  organism  is  continuously  exposed  to  the  light,  and  it  indicates  that 
there  are  two  opposing  processes  involved,  i.e.,  that  increase  in  fight 
induces  certain  changes  in  the  organism  and  that  internal  factors  tend 
continuously  to  oppose  and  to  eliminate  these  changes.  If  this  is  true, 
the  more  rapidly  a  given  amount  of  light  is  received,  the  less  time  there 
is  for  recovery,  and  consequently  the  greater  will  be  the  effect  of  a  given 
quantity  of  light.  This  probably  accounts  for  the  increase  in  the  amount 
of  light  energy  required  (with  decrease  in  intensity),  observed  in  weak 
fight,  but  it  does  not  account  for  the  increase  in  the  amount  required 
(with  increase  in  intensity),  observed  in  strong  light. 

The  quantity  of  light  energy  required  to  induce  cessation  of  movement 
depends  upon  the  chemical  composition  of  the  surrounding  medium. 
Increase  in  HCl,  for  example,  causes  increase  in  the  quantity  required, 
but  increase  in  CO2  causes  decrease  in  the  quantity  required.  In  solu- 
tions of  KCl,  CaCl2,  and  MgCU,  respectively,  the  quantity  of  energy 
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required  increases  as  the  salt  concentration  decreases,  but  in  solutions 
of  NaCl  there  is  no  consistent  correlation  between  the  quantity  of  energy 
and  the  concentration  of  the  salt.  In  general,  the  quantity  of  energy 
required  appears  to  vary  directly  with  the  viscosity  of  the  cytoplasm 
(Mast  and  Hulpieu,  160).  The  observations  made  by  these  authors, 
extended,  however,  over  only  a  very  limited  range  of  environmental 
variation.  The  conclusions  reached  are,  therefore,  not  applicable  to  wide 
ranges  of  variations  in  the  environment  (Mast  and  Prosser,  162). 

Increase  in  the  illumination  of  any  localized  region  of  an  amoeba 
results  in  increase  in  the  thickness  of  the  plasmagel  in  this  region. 
Increase  in  the  illumination  of  the  entire  amoeba  results  in  increase  in  the 
thickness  of  the  plasmagel  in  the  tip  of  the  advancing  pseudopods  and 
this  causes  cessation  in  movement  (shock-reaction). 

The  shorter  waves  of  light  are  more  efficient  in  inducing  this  response 
than  the  longer  waves  (Harrington  and  Leaming,  76,  Mast,  139),  and 
ultra-violet  is  probably  more  efficient  than  visible  light  (Inman,  Bovie, 
and  Barr,  111),  but  the  distribution  in  the  spectrum  of  stimulating 
efficiency  has  not  been  precisely  ascertained.  Folger  (64)  maintains 
that  it  is  not  closely  correlated  with  temperature,  but  he  did  not  thor- 
oughly investigate  the  problem. 

In  a  beam  of  light  Amoeba  proteus  orients  fairly  definitely  and  goes 
from  the  light  (Davenport,  47).  If  it  is  illuminated  from  one  side, 
pseudopods  develop  more  freely  on  the  shaded  side  than  on  the  illumi- 
nated side.  This  results  in  gradual  turning  away  from  the  light.  The 
stronger  the  light  the  sharper  the  turn.  Orientation  is  therefore  brought 
about  by  retardation  in  the  formation  of  pseudopods  on  the  more  highly 
illuminated  side,  owing  to  increase  in  the  thickness  of  the  plasmagel 
on  this  side  (Mast,  139;  Luce,  130).  There  is  some  evidence  which 
indicates  that  Amoeba  proteus  is  photopositive  in  very  weak  light 
(Schaeffer,  195;  Mast,  153),  but  no  carefully  controlled  observations  have 
been  made  in  reference  to  this. 

Folger  (65,  67)  maintains  that  mechanical  stimulation  causes  cessation 
in  movement  in  Amoeba  which  appears,  point  for  point,  to  involve  the 
same  processes  as  cessation  produced  by  increase  in  illumination,  and  that 
if  mechanical  stimulation  too  weak  to  produce  a  perceptual  effect  is  followed 
by  increase  in  illumination  too  slight  to  produce  by  itself  a  perceptual 
effect,  or  vice  versa,  there  is  cessation  in  movement.  He  concludes  that 
light  and  mechanical  agitation  produce  the  same  kind  of  changes,  and  that 
since  the  latter  cannot  produce  photochemical  changes,  response  to 
the  former  is  not  due  to  photochemical  processes  (Folger,  65,  67). 

It  is  well  known  that  light  produces  photoelectric  effects  which  may 
consist  in  changes  in  the  position  of  the  valency  electrons  in  the  molecules 
or  in  their  total  elimination,  and  that  this  results  in  the  activation  of  the 
molecules.     It  is  consequently  evident  that  light  can  produce  changes 
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in  the  electric  equilibrium  in  the  molecules,  which  results  in  changes  in 
the  charge  they  carry,  or  in  polarization,  and  it  is  quite  conceivable  that 
this  could  cause  such  an  alignment  of  the  molecules  as  to  result  in  the 
formation  of  gel.  It  is  also  well  known  that  mechanical  agitation  facili- 
tates the  alignment  of  molecules  in  the  process  of  crystallization.  This 
seems  to  indicate  that  it  could  in  the  same  way  facilitate  gelation.  If 
this  is  true,  it  supports  Folger's  contention  that  stimulation  by  light  is 
due  primarily  to  photophysical  effects. 

McClendon  (164)  maintains  that  localized  chemical  stimulation  of 
one  pseudopod  of  an  amoeba  results  in  cessation  of  movement  in  all  the 
pseudopods,  i.e.,  that  such  stimulation  produces  impulses  which  are 
transmitted  to  all  parts  of  the  body.  Verworn  (208)  comes  to  similar 
conclusions.  Mast  (154)  obtained  results  which  are  in  opposition  to 
these  conclusions.  He  maintains  that  localized  illumination  causes, 
by  its  gelating  effect,  increase  in  thickness  and  in  the  elastic  strength  of 
the  plasmagel  in  the  region  illuminated,  that  this  effect  is  not  transmitted 
to  other  regions  and  that  there  are  no  impulses  produced,  but  that  the 
effect  of  localized  gelation  and  the  consequent  contraction  is  transmitted 
and  that  this  results  in  coordinated  action. 

Response  of  Amoeba  to  electricity  is  due  primarily  to  solation  of  the 
plasmagel  on  the  anodal  side  (Luce,  130;  Mast,  153a).  The  contention  of 
Bayliss  (12)  that  it  is  due  to  gelation  has  not  been  confirmed.  Light  and 
electricity  consequently  appear  to  be  opposite  in  action. 

Amoeba  does  not  respond  to  light  while  it  is  feeding.  "When  the 
food  cup  is  being  formed  and  the  pseudopods  are  flowing  around  the  prey, 
there  is  no  response  to  light,  no  matter  how  great  the  intensity  may  be" 
(Folger,  64).  This  indicates  that  response  to  light  in  this  organism  is 
closely  correlated  with  its  physiological  state.  The  effects  of  mechanical 
agitation  and  of  chemicals  in  the  surrounding  medium  support  this 
contention. 

Mast  (139)  and  Mast  and  Pusch  (163)  maintain  that  the  change  in 
response  correlated  with  change  in  physiological  state  is,  under  some 
conditions,  analogous  to  what  is  called  "learning"  in  higher  animals. 
They  found  that  if  a  pseudopod  of  an  amoeba,  going  in  a  definite  direc- 
tion, comes  in  contact  with  a  spot  of  intense  light,  it  stops  and  is  retracted, 
that  then  other  pseudopods  are  formed  in  succession,  come  in  contact 
with  the  light,  stop,  and  are  retracted;  that  after  a  number  have  thus 
come  in  contact  with  the  light,  the  direction  of  streaming  is  suddenly 
reversed  and  the  amoeba  moves  away  from  the  spot  of  light;  and  that  as 
the  number  of  reversals  in  a  given  individual  increases,  the  number  of 
successive  contacts  with  the  spot  of  light  required  to  induce  a  reversal 
decreases.     This,  they  maintain,  indicates  learning. 

Mast  (154,  155)  observed  that  if  a  large  portion  of  the  tip  of  the 
pseudopod  is  illuminated  with  very  intense  light,  reversal  occurs  after  a 
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single  contact  and  that  this  is  associated  with  marked  increase  in  the 
thickness  of  the  plasmagel  at  the  tip,  and  he  concludes  that  a  series  of 
weaker  contacts  induces  reversal,  owing  to  cumulative  gelating  effect, 
and  that  we  therefore  have  here  a  fairly  comprehensive  insight  into  a 
process  Avhich  closely  resembles  what  is  usually  called  "learning." 

FLAGELLATES 

A  large  number  of  the  different  flagellates  respond  to  light  and  many 
of  them  respond  very  precisely.  The  response  has,  however,  been 
thoroughly  investigated  in  only  a  few  species,  but  it  is  probably  funda- 
mentally the  same  in  all. 

EUGLENA 

Euglena  either  swims  freely  through  the  water  by  means  of  the  action 
of  its  flagellum  or  it  creeps  on  the  substratum  without  the  action  of  the 
flagellum,  but  it  always  rotates  on  the  longitudinal  axis  as  it  proceeds. 
If  the  intensity  of  the  light  is  rapidly  changed,  the  organism  responds 
by  abrupt  change  in  rate  and  in  direction  of  movement.  Under  some 
conditions  it  responds  to  increase  and  under  others  to  decrease  in  inten- 
sity. If  the  intensity  is  slowly  changed  it  does  not  respond,  at  least  not 
in  this  way.     This  is  a  typical  shock-reaction. 

The  response  to  decrease  in  intensity  results  in  aggregation  in  brilliant 
spots  in  a  field  of  light;  the  response  to  increase  results  in  aggregation 
in  dark  spots.  These  spots  act  like  a  trap;  the  Euglenae  get  into  them 
by  random  movement,  but  when  they  reach  the  boundary  on  the  way 
out,  the  change  of  intensity  of  the  light  induces  the  shock-reaction  and 
prevents  their  exit  (Engelmann,  58). 

In  a  beam  of  light,  Euglena  usually  orients  very  precisely  and  goes 
either  toward  or  from  the  light.  Verworn  (207)  postulates  that  when 
it  is  not  oriented,  and  opposite  sides  are  unequally  illuminated,  the 
flagellum  beats  more  effectively  in  one  direction  than  in  the  other,  that 
this  results  in  turning  until  opposite  sides  are  equally  illuminated,  and 
that  the  flagellum  then  beats  equally  in  opposite  directions,  and  the 
organism  continues  on  a  straight  course. 

This  theory  is  in  principle  essentially  the  same  as  that  formulated 
by  Ray  in  1693,  in  reference  to  orientation  in  plants,  and  accepted  by 
De  Candolle  (31)  in  1832.  According  to  it  the  effect  of  light  on  the 
activity  of  the  motor  mechanism  is  dependent  upon  the  intensity  (not 
upon  change  of  intensity)  of  the  illumination  of  this  mechanism  or  the 
photoreceptors  connected  with  it.  The  light  acts  continuously  after 
orientation  has  been  attained,  as  well  as  during  the  process  of  orientation, 
the  only  difference  being  that  during  the  process  of  orientation  the 
illumination  on  opposite  sides  is  unequal,  and  consequently  results  in 
quantitatively  unequal   action  in   the   motor   mechanism;   while   after 
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orientation  it  is  equal  on  opposite  sides  and  consequently  results  in  equal 
action  in  this  mechanism  on  opposite  sides.  Verworn  applied  this  theory 
to  ciliates  as  well  as  to  flagellates.  Loeb,  in  his  earlier  work,  strenuously 
opposed  it,  accepting  Sachs'  "ray-direction"  theory, ^  but  he  adopted  it 
later  (126),  applied  it  to  higher  animals,  and  introduced  the  idea  that  the 
action  of  the  locomotor  appendages  is  quantitatively  proportional  to  the 
intensity  of  the  light  on  the  photoreceptors  connected  with  them  and 
that  this  is  due  to  the  effect  of  light  on  muscle  tonus.  This  theory  has 
been  designated  the  "difference  of  intensity  theory,"  "the  continuous- 
action  theory,"  "the  Ray-Verworn  theory,"  "the  tropism  theory," 
"Loeb's  muscle-tonus  theory,"  etc.  (Mast  148). 

Engelmann  (58)  maintains  that  only  the  anterior  end  of  Euglena  is 
sensitive  to  change  in  knninous  intensity.  Jennings  (113)  contends  that 
owing  to  this,  all  turning  from  the  light  results  in  reduction  in  illumina- 
tion and  all  turning  toward  the  light  in  increase  in  illumination  of  the 
sensitive  substance,  that  photopositive  specimens  consequently  turn 
until  they  face  the  light  and  photonegative  specimens  until  they  face  the 
opposite  direction,  and  that  the  stimulus  which  induces  turning  then 
ceases  and  the  organisms  consequently  continue  either  directly  toward  or 
from  the  light. 

Mast  (140)  concludes  that  the  photosensitive  substance  is  confined  to 
the  concavity  in  the  opaque  portion  of  the  eyespot,  that  rotation  on  the 
longitudinal  axis  therefore  results  in  alternate  shading  and  exposing  of 
this  substance,  if  the  organisms  are  not  directed  toward  or  from  the 
light,  that  this  induces  shock-reactions  which  result  in  orientation,  and 
that  the  organisms  remain  oriented  and  proceed  directly  toward  or  from 
the  light  because,  after  they  have  attained  either  of  these  two  axial 
positions,  rotation  no  longer  produces  changes  in  the  illumination  of  the 
sensitive  substance  in  the  eyespot,  and  they  therefore  continue  in  the 
direction  assumed.  He  holds  that  the  orienting  stimulus  ceases  after 
the  organism  has  become  oriented  and  that  the  organism  then  continues 
directly  toward  or  from  the  light  because,  owing  to  internal  factors,  it 
tends  to  take  a  straight  course  and  because,  if  for  any  reason  it  is  turned 
from  this  course,  the  orienting  stimulus  immediately  acts,  and  induces 
shock-reactions  which  bring  it  back  on  its  course.  He  consequently 
does  not  accept  the  Ray-Verworn  theory,  according  to  which  the  organism 
is  held  on  its  course  by  the  continuous  action  of  the  light. 

Bancroft  (9)  presented  evidence  against  the  contention  that  photic 
orientation  in  Euglena  is  due  to  shock-reactions  and  concluded  that  it  is 
due  to  tonus  effects  brought  about  by  "the  continuous  action  of  the 
light"  (in  accord  with  his  conception  of  Loeb's  tropism  theory).     Mast 

1  According  to  this  theory  orientation  is  correlated  with  the  direction  in  which  the 
light  passes  through  the  organisms,  not  with  the  relation  of  its  intensity  on  opposite 
sides. 
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(142)  demonstrated,  however,  that  if  the  evidence  presented  by  Ban- 
croft is  vaHd,  it  proves  that  Bancroft's  explanation  of  orientation  in 
Euglena  is  not  correct.  Moreover,  the  fact  that,  after  Euglena  is  oriented, 
the  rate  of  locomotion  is  practically  independent  of  the  luminous  intensity 
(Mast  and  Gover,  159)  also  militates  against  Bancroft's  explanation. 
Bancroft's  experiments  should  be  repeated  and  extended  under  more 
carefully  controlled  conditions. 

If  Euglena  is  subjected  for  long  periods  to  low  illumination  or  to 
darkness,  it  gradually  becomes  less  active;  and  if  the  illumination  is  then 
increased  it  gradually  becomes  more  active  again.  The  rate  of  change  in 
activity  varies  with  the  magnitude  of  the  change  in  intensity,  but  this 
response  is  never  so  sudden  and  abrupt  as  the  shock-reaction.  There 
are  therefore  two  types  of  responses  to  light  in  Euglena,  one  depending 
primarily  upon  the  rate  of  change  in  luminous  intensity,  the  other  pri- 
marily upon  change  in  the  amount  of  light  received.  The  one  results  in 
orientation  and  aggregation,  the  other  involves  the  degree  of  activity. 

In  a  field  of  light  consisting  of  two  horizontal  beams  crossing  at  right 
angles,  Euglena  orients  and  goes  toward  or  from  a  point  between  the 
two  beams.  The  location  of  this  point  is  related  to  the  relative  intensity 
of  the  two  beams  in  such  a  way  that  the  tangent  of  the  angle  between 
the  direction  of  locomotion  and  the  rays  in  the  stronger  beam  is  approxi- 
mately equal  to  the  intensity  of  the  weaker  divided  by  that  of  the  stronger 
(Buder,  30;  Mast  and  Johnson,  161).  Buder  judges  this  to  show  a  quanti- 
tative proportionality  between  the  stimulus  and  the  response.  Mast  and 
Johnson  conclude  that  "it  has  no  bearing  on  the  problem  concerning  the 
quantitative  relation  between  stimulus  and  response,"  but  that  it  can  be 
explained  on  the  assumptions  that  the  eyespot  is  a  photoreceptor  and 
that  the  stimulating  efficiency  of  light  varies  with  the  angle  of  incidence. 

The  shorter  waves  in  the  visible  spectrum  are  more  efficient  than 
the  longer  in  stimulating  Euglena  and  other  flagellates.  Strasburger 
(202)  concluded  that  stimulation  is  confined  to  violet,  indigo,  and  blue  in 
the  solar  spectrum,  with  the  maximum  in  the  indigo.  Engelmann  (58) 
maintains  that  for  Euglena  the  maximum  is  in  the  blue  between  4700 

o 

and  4900  A  and  Loeb  and  Maxwell  (128)  assert  that  in  the  carbon-arc 
spectrum  it  is  between  4600  and  5100  A.  The  unequal  distribution  of 
energy  in  the  spectrum  was  not  considered  in  these  conclusions.  Mast 
(144)  made  corrections  for  unequal  distribution  of  energy  and  ascer- 
tained the  relative  stimulating  efficiency  of  negative  and  positive  orienta- 
tion at  intervals  of  100  A  throughout  the  visible  spectrum,  and  found 
that  as  the  wave-length  increases  the  stimulating  efficiency  increases 
very  rapidly  from  zero  at  about  4100  A  to  a  maximum  of  21  arbitrary 
units  at  4850  A,  and  then  decreases  equally  rapidly  to  zero  at  about 
5400  A.  He  holds,  however,  that  the  limits  of  the  stimulating  region 
depend  upon  the  luminous  intensity. 
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It  is  generally  held  that  Euglena  is  positive  in  weak  and  negative  in 
strong  light  (Famintzin,  63;  Engelmann,  58;  et  al).  This  is,  however, 
true  only  in  a  very  general  sense.  Increase  in  temperature  without  any 
change  in  illumination  tends  to  make  it  positive,  and  decrease  in  tem- 
perature tends  to  make  it  negative  (Strasburger,  202).  Mast  (140) 
observed,  in  strongly  photopositive  specimens  in  a  beam  of  constant 
light,  that  as  the  temperature  decreases,  they  become  less  strongly  posi- 
tive and  less  active  until  they  come  to  rest  at  about  10°C.,  after  which 
they  become  more  active,  reaching  a  maximum  at  about  5°C.;  and  he 
observed  that  as  they  become  more  active  they  become  photonegative 
and  swim  as  rapidly  from  the  light  as  they  swam  toward  it  before  the 
reduction  in  temperature. 

Various  other  environmental  factors  also  influence  reversal.  This 
problem  has  not  been  thoroughly  investigated  in  reference  to  Euglena. 
The  evidence  in  hand  shows,  however,  that  the  nature  of  the  response  is 
not  specifically  correlated  with  the  immediate  environment,  i.e.,  that 
internal  factors — the  state  of  adaptation,  for  example — play  a  pre- 
dominant role. 

CILIATES 

Very  few  of  the  ciliates  respond  to  light  and  only  one  of  these,  Stentor 
coeruleus,  has  been  at  all  thoroughly  investigated.  If  luminous  intensity 
is  rapidly  increased,  this  organism  stops,  turns  toward  the  aboral  sur- 
face, and  then  proceeds.  This  is  a  shock-reaction,  for  if  the  intensity  is 
slowly  increased  there  is  no  response.  If  the  intensity  is  decreased  there 
is  no  response.  If  Stentor  is  exposed  in  a  beam  of  light,  it  orients  fairly 
precisely  and  swims  from  the  light,  i.e.,  it  is  photonegative.  It  rotates 
on  the  longitudinal  axis  as  it  swims,  consequently  when  it  is  not  oriented 
the  oral  and  the  aboral  surfaces  are  alternately  shaded  and  illuminated. 
The  oral  surface  is  much  more  sensitive  than  the  aboral ;  therefore  every 
time  that  this  surface  is  carried  from  the  shaded  to  the  illuminated  side, 
the  result  is  the  same  as  an  increase  in  the  illumination  of  the  entire 
organism  and  it  consequently  responds,  i.e.,  it  turns  toward  the  aboral 
surface.  This  continues  until  it  is  directed  from  the  light,  and  rotation 
no  longer  produces  changes  of  intensity  on  the  two  surfaces.  Photic 
orientation  in  Stentor,  is  therefore,  the  result  of  a  series  of  shock-reactions 
just  as  it  is  in  Euglena.  There  is  no  evidence  in  support  of  the  view  that 
it  is  the  result  of  a  continuous  quantitative  difference  in  the  activity  of 
the  cilia  on  opposite  sides  in  proportion  to  the  difference  in  the  illumina- 
tion of  these  sides.  The  process  of  orientation  in  this  form  is  therefore 
not  in  accord  with  Verworn's  theory  (Jennings,  113;  Mast,  137,  140). 

More  work  should  be  done  on  responses  in  very  low  illumination  and 
on  the  effect  of  various  environmental  factors  on  the  response  to  light. 
The  relations  between  rate  of  locomotion  and  intensity  and  wave-length 
of  light  have  not  been  investigated. 
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COLONIAL  FORMS 
VOLVOX 

Volvox  is  a  slightly  elongated  globular  colonial  organism  somewhat 
less  than  1  mm.  in  diameter.  It  consists  of  numerous  cells  (zooids) 
each  of  which  contains  two  flagella  and  an  eyespot.  The  zooids  are  so 
arranged  as  to  form  a  single  layer  at  the  surface  of  the  colonies.  The 
eyespot  in  each  zooid  is  directed  toward  the  posterior  end  of  the  colony, 
but  those  at  the  anterior  end  are  much  larger  than  those  at  the  posterior 
end. 

The  colonies  rotate  on  the  longitudinal  axis  as  they  swim.  This  is 
due  to  the  diagonal  stroke  of  the  flagella.  In  a  beam  of  light  they  usually 
orient  and  go  fairly  directly  either  toward  or  from  the  light,  i.e.,  they 
may  in  a  beam  of  light  be  either  photopositive  or  photonegative  or 
neutral. 

If  they  are  swimming  toward  the  light  and  the  intensity  is  rapidly 
decreased  without  any  change  in  the  direction  of  the  rays,  rotation  on 
the  axis  stops  and  forward  movement  increases  greatly,  but  this  con- 
tinues for  only  a  few  seconds.  If  the  intensity  is  increased,  forward 
movement  stops  and  rotation  increases.  If  they  are  swimming  from 
the  light  the  reverse  occurs,  i.e.,  forward  movement  decreases  if  the 
intensity  is  increased  and  increases  if  it  is  decreased.  If  the  colonies  are 
neutral,  there  are  no  such  responses  to  changes  of  intensity.  These 
responses  consist  chiefly,  if  not  entirely,  of  rapid  changes  in  the  direction 
of  the  stroke  of  the  flagella.  In  photopositive  colonies  rapid  decrease  in 
illumination  causes  the  stroke  to  change  from  diagonally  backward  to 
straight  backward  and  increase  in  illumination  causes  it  to  change  from 
diagonally  backward  to  sidewise.  In  photonegative  colonies  precisely 
the  reverse  obtains.  If  the  luminous  intensity  is  slowly  changed  these 
responses  do  not  occur.  They  are  therefore  dependent  upon  the  rate  of 
change  of  intensity,  i.e.,  they  are  shock-reactions  which  are  somewhat 
similar  to  those  observed  in  Euglena. 

If  Volvox  is  kept  in  low  illumination  or  in  darkness  for  several  hours 
it  becomes  inactive,  and  if  the  illumination  is  now  increased  it  gradually 
becomes  active  again.  These  responses  consist  chiefly,  if  not  entirely, 
in  changes  in  the  rate  or  the  efficiency  of  the  stroke,  not  in  changes  in  the 
direction  of  the  stroke  of  the  flagella.  They  are  relatively  slow  responses 
which  occur  even  if  the  luminous  intensity  is  gradually  changed.  They 
are  primarily  dependent  upon  change  in  luminous  intensity,  not  upon  the 
rate  of  change.  There  are  consequently  in  Volvox  two  different  types  of 
response,  typical  shock-reactions  and  responses  which  are  often  called 
kinetic  responses. 

If  a  colony  of  Volvox  in  a  beam  of  light  is  laterally  illuminated,  it 
turns  gradually  until  it  is  oriented  and  then  proceeds  either  toward  or 


MOTOR  RESPONSES  IN  INVERTEBRATES  583 

from  the  light.  When  it  is  laterally  illuminated,  the  zooids,  owing  to 
rotation  on  the  longitudinal  axis,  are  continuously  transferred  from  the 
dark  side  to  the  light  side  and  vice  versa.  The  eyespot  consists  of  a 
pigment  cup,  a  lens  located  at  the  opening  of  the  cup,  and  photosensitive 
substance  located  in  the  cup.  As  the  zooids  pass  from  the  light  side  to 
the  dark  side,  the  photosensitive  substance  in  the  eyespots  becomes 
shaded  by  the  pigment  cup  and  as  they  pass  from  the  dark  side  to  the 
light  side,  this  substance  becomes  fully  exposed.  The  rapid  decrease  in 
the  illumination  of  the  sensitive  substance  on  the  dark  side  induces  shock- 
reactions  on  this  side  which,  in  photopositive  colonies,  consist  of  increase 
in  the  backward  phase  of  the  stroke  of  the  fiagella;  and  the  rapid  increase 
in  the  illumination  of  this  substance  on  the  Ught  side  induces  shock-reac- 
tions on  this  side  which  consist  of  increase  in  the  lateral  phase  of  the 
stroke  of  the  fiagella.  This  difference  in  the  direction  of  the  stroke  of 
the  fiagella  causes  the  colonies  to  turn  gradually  toward  the  Ught  until 
they  are  directed  toward  it,  after  which  all  sides  are  equally  illuminated, 
rotation  on  the  longitudinal  axis  no  longer  produces  changes  in  the 
illumination  of  the  photosensitive  substance,  and  the  shock-reactions 
cease.  They  continue  to  proceed  directly  toward  the  light  because,  in 
the  absence  of  external  stimulation,  they  tend  to  take  a  straight  course 
and  because,  if  they  are  forced  out  of  their  course,  opposite  sides  immedi- 
ately become  unequally  illuminated,  resulting  in  change  in  the  intensity 
of  the  illumination  of  the  photosensitive  substance  in  the  eyes  and  con- 
sequently in  reorientation. 

In  negative  colonies  the  process  of  orientation  is  precisely  the  same 
as  it  is  in  positive  colonies  except  that  decrease  in  intensity  causes  increase 
in  the  lateral  phase,  and  increase  in  intensity  increase  in  the  backward 
phase  of  the  stroke  of  the  fiagella,  resulting  in  more  rapid  movement  of 
the  illuminated  than  of  the  shaded  side  of  the  colonies  and  consequently 
in  turning  from  the  light  in  place  of  toward  it. 

Orientation  in  light  is  the  result  of  qualitative  difference  in  action  of 
the  locomotor  appendages  on  opposite  sides,  due  to  shock-reactions,  not 
to  quantitative  difference,  due  to  continuous  action  of  the  light.  It  is 
therefore  not  in  accord  with  the  Ray-Verworn  orientation  theory  (Mast, 
138,  143,  151). 

Mast  (138),  on  the  basis  of  quantitative  results,  concludes  that  the 
minimal  difference  in  light  intensity  on  opposite  sides  of  a  colony  neces- 
sary to  induce  a  response  varies  greatly  with  the  physiological  state  of 
the  colony,  but  that  with  colonies  in  a  given  state  it  varies  directly  with 
the  intensity  and  that  the  ratio  between  it  and  the  intensity  is  nearly 
constant,  i.e.,  nearly  in  accord  with  the  Weber-Fechner  law.  His  obser- 
vations, however,  covered  such  a  small  range  (2  to  27  meter-candles)  and 
the  probable  error  in  the  results  is  so  large  that  further  observations 
concerning  this  relation  are  highly  desirable. 
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The  lens  in  the  eyespot  serves  to  bring  the  shorter  wave  of  light  to  a 
focus  on  the  photosensitive  substance.  This  substance  is  much  more 
sensitive  in  the  central  part  of  the  cup  than  elsewhere.  This  conclusion 
rests  on  calculations  based  upon  the  relation  between  the  location  of  the 
focal  point  and  the  direction  of  the  incident  light,  and  the  relation 
between  the  direction  of  locomotion  in  a  field  of  light  (consisting  of  two 
horizontal  beams  which  cross  at  right  angles)  and  the  relative  intensity 
of  the  two  beams.  If  photopositive  colonies  are  exposed  in  such  a  field 
of  light,  they  swim  toward  a  point  between  the  beams.  The  location  of 
this  point  depends  upon  the  relative  intensity  of  the  two  beams.  When 
the  colonies  are  oriented,  the  illumination  on  opposite  sides  is  unequal 
but  the  effect  is  equal.  This  is  due  to  difference  in  the  location  of  the 
focal  point  in  the  eyespot  on  opposite  sides.  By  ascertaining,  therefore, 
the  location  of  these  points  in  relation  to  the  relative  intensity  of  the 
beams,  the  distribution  of  sensitivity  can  be  calculated  (Mast,  152a; 
Mast  and  Johnson  161). 

Volvox  is  usually  positive  in  weak  and  negative  in  strong  light  but 
the  reverse  obtains  under  some  conditions.  It  may  be  either  positive  or 
negative  or  neutral  in  every  condition  of  illumination  in  which  orientation 
occurs.  If  it  is  positive,  a  shadow  on  the  photosensitive  substance  in 
the  eyespots  in  the  zooids  causes  change  in  the  direction  of  the  stroke  of 
the  flagella  of  the  zooids  from  diagonal  to  backward,  and  a  flash  of  light 
on  this  substance  causes  change  from  diagonal  to  sidewise ;  if  it  is  nega- 
tive, the  reverse  obtains;  and  if  it  is  neutral,  there  is  no  response  unless 
the  changes  in  luminous  intensity  are  great. 

Reversal  in  the  direction  of  orientation  from  positive  to  negative  is, 
therefore,  due  to  internal  changes  of  such  a  nature  that  shock-reactions 
which  were  produced  by  decrease  are  produced  by  increase  in  the  illumi- 
nation of  the  photosensitive  substance;  and  reversal  from  negative  to 
positive  is  due  to  the  reverse.  The  nature  of  the  response  to  light  in 
Volvox  depends  upon  the  state  of  adaptation  and  the  intensity  of  the 
illumination.  If  it  is  fully  adapted  in  a  given  intensity,  it  becomes 
positive  if  the  intensity  is  increased  and  negative  if  it  is  decreased.  If 
it  is  not  fully  adapted,  it  becomes  negative  if  the  intensity  is  increased 
and  positive  if  it  is  decreased. 

The  time  required  for  colonies  of  Volvox  to  become  negative  or  posi- 
tive after  the  luminous  intensity  has  been  changed  (the  reaction  time) 
depends  upon  the  degree  of  adaptation  and  the  extent  of  the  change.  If 
colonies  which  have  been  in  strong  light  1  to  2  hr.,  followed  by  a  variable 
period  in  darkness,  are  subjected  to  strong  light,  the  time  required  to 
become  positive  (reaction  time)  increases  with  increase  in  the  length  of 
the  period  in  darkness  (dark  adaptation)  from  0.04  min.  (with  2  min.  in 
darkness)  to  a  maximum  of  0.52  min.  (with  16  min.  in  darkness)  and  then 
decreases  to  0.18  min.  (with  25  min.  in  darkness).     If  the  colonies^ are 


MOTOR  RESPONSES  IN  INVERTEBRATES  585 

kept  longer  in  strong  light  and  are  then  subjected  to  darkness,  the  reaction 
time  decreases  to  a  minimum  and  then  increases  as  the  time  in  darkness 
increases.  If  they  are  left  in  darkness  until  they  are  fully  dark-adapted, 
and  are  then  exposed  to  light  of  different  intensities,  the  reaction  time 
(as  the  intensity  increases)  decreases  from  29  min.  in  5.24  meter-candles 
to  a  minimum  of  0.098  min.  in  7.5  meter-candles,  and  then  increases  to 
0.358  min.  in  62,222  meter-candles;  but  the  energy  required  to  make  the 
colonies  positive  varies  directly  with  the  Ught  intensity  over  the  whole 
range  tested,  and  over  most  of  the  range  the  variation  is  nearly  propor- 
tional to  the  variation  in  intensity.  No  satisfactory  explanation  of  this 
relation  is  in  hand. 

If  colonies  are  kept  in  a  given  intensity  or  in  darkness  they  become 
adapted,  i.e.,  they  lose  the  abiUty  to  respond  to  light,  and  if  the  intensity 
is  now  changed  they  regain  it.  The  processes  associated  with  adaptation 
and  those  induced  by  change  in  illumination  are  therefore  antagonistic. 
But  the  rate  of  these  antagonistic  processes  varies  greatly  and  it  depends 
upon  the  magnitude  of  the  change  in  intensity.  For  example,  if  dark- 
adapted  colonies  are  exposed  to  light  of  22,400  meter-candles  for  0.05 min., 
then  returned  to  darkness,  it  takes  20  min.  or  more  in  darkness  to 
eliminate  the  effect  of  the  light.  This  indicates  that  under  these  con- 
ditions the  processes  which  occur  in  hght  proceed  at  least  400  times  as 
fast  as  the  reverse  processes  which  occur  in  darkness. 

To  account  for  the  phenomena  described  it  is  necessary  to  postulate 
at  least  three  interrelated  processes  some  of  which  must  be  directly 
correlated  with  light  in  such  a  way  that  change  in  illumination  of  very 
short  duration  can  cause  complete  reversal  in  the  nature  of  the  response. 
It  is  altogether  probable  that  some  of  these  processes  are  photochemical 
reactions,  that  others  are  dependent  upon  the  results  of  these,  and  that 
all  are  closely  correlated  with  the  physiological  state  of  the  organism  as 
a  whole  (Mast,  156).  The  evidence  in  hand  clearly  indicates  that  such 
simple  processes  as  those  postulated  by  Mast  (138)  in  his  first  paper 
dealing  with  this  problem,  and  those  postulated  by  Luntz  (133)  in  a 
recent  paper,  are  very  inadequate  (Mast,  156). 

A  considerable  number  of  other  facts  have  been  established  concerning 
reversal  in  Volvox  and  related  forms,  e.g.,  increase  in  temperature  and 
increased  hydrogen  ion  concentration,  and  some  anesthetics,  especially 
chloroform,  cause  colonies,  which  are  photonegative  under  given  con- 
ditions, to  become  strongly  photopositive  under  the  same  conditions,  but 
they  usually  remain  positive  only  a  few  moments  and  then  become 
negative  again  (Mast,  145,  146).  There  is  also  a  very  interesting  corre- 
lation between  reversal  in  light  and  response  to  electricity  in  that  photo- 
positive  colonies  always  swim  toward  the  cathode  and  photonegative 
colonies  toward  the  anode  (Mast,  152).  These  Jacts  show  that  reversal 
in  light  is  not  due  to  direct  action  of  environmental  factors.     They  indi- 
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cate  that  it  is  correlated  with  the  rate  of  metabolism,  but  they  give  no 
information  concerning  the  processes  involved. 

The  distribution  of  stimulating  efficiency  in  the  spectrum  for  Volvox 
(Laurens  and  Hooker,  124)  and  Gonium  (Mast,  144)  is  essentially  the 
same  as  it  is  for  Euglena;  but  for  the  closely  related  forms  Pandorina 

o 

and  Spondylomorum  (Mast,  144)  the  maximum  is  at  5350  A  in  place  of 
4850  A,  and  the  effective  region  extends  from  this  wave-length  much 
farther  in  either  direction  than  it  does  for  Euglena,  Gonium,  and  Volvox. 

COELENTERATES 

Relatively  few  coelenterates  respond  to  light  and  the  response  is 
not  marked  in  those  that  do.  They  were,  however,  among  the  first 
animals  without  eyes  investigated  in  reference  to  these  responses. 
Trembley  (204),  in  1744,  exposed  to  light  green  hydras  in  a  jar  covered 
with  an  opaque  case  containing  an  opening  on  one  side  and  he  found  that 
they  migrated  toward  this  opening,  but  he  gives  no  information  con- 
cerning the  nature  of  the  response  and  the  process  of  aggregation. 

It  is  now  known  that  they  ordinarily  move  fairly  directly  toward  the 
light ;  that  they  move  in  the  opposite  direction  if  the  light  is  very  intense ; 
that  they  tend  to  come  to  rest  in  darkness;  and  that  aggregation  on  the 
more  highly  illuminated  side  of  a  vessel  is  consequently  not  due  to  the 
relation  between  rate  of  movement  and  light  intensity.  There  is  no 
fixed  orientation,  but  if  they  are  photopositive,  they  tend  to  face  in  the 
direction  of  the  light  more  than  in  other  directions  and  they  usually  move 
only  when  they  face  in  this  direction.  There  are  no  definite  shock- 
reactions  and  nothing  is  known  concerning  the  processes  involved  in 
stimulation.  The  anterior  end  is  probably  more  sensitive  than  the 
posterior  but  no  photoreceptors  have  been  found.  Response  to  light 
differs  radically  from  the  response  to  electricity  (Mast,  140). 

Blue  probably  has  a  higher  stimulating  efficiency  than  other  regions 
of  the  spectrum.  Wilson  (223)  maintains  that  daylight,  the  full  spec- 
trum, has  a  lower  stimulating  effect  than  the  blue  of  daylight.  This 
is  important  for  it  indicates  that  the  action  of  the  blue  is  antagonized 
by  some  of  the  other  colors  in  the  daylight. 

The  only  other  coelenterate  which  has  been  at  all  accurately  studied 
in  reference  to  photic  response  is  Eudendrium.  Eudendrium  in  the 
hydranth  stage  is  a  sessile  animal.  It  bends  directly  toward  the  light 
in  all  intensities.  This  response  is  very  slow,  for  it  requires  some  48  hr. 
to  bend  90°.  There  is  nothing  in  the  nature  of  shock-reaction.  Loeb 
(126)  contends  that  the  bending  is  due  to  contraction  on  the  more  highly 
illuminated  side  and  that  the  process  of  orientation  is  identical  with  that 
in  plants.  The  evidence  in  support  of  these  contentions  is,  however, 
extremely  weak.  Growth' appears  to  be  involved  in  the  process  of  orien- 
tation and  this  is  doubtless  related  to  difference  in  the  luminous  intensity 
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on  opposite  sides,  but  nothing  is  known  concerning  the  details  (Mast, 

140). 

The  planulae  of  Eudendrium,  small  ciliated  organisms  which  move 
slowly  on  the  substratum,  also  turn  directly  toward  the  light.  The 
anterior  end  continuously  swings  from  side  to  side,  but  there  are  no 
shock-reactions.  No  details  concerning  the  process  of  response  are  known 
(Mast,  140). 

WORMS 

Some  of  the  worms  are  very  sensitive  to  light  and  respond  very 
precisely,  especially  in  the  larval  stages,  but  only  a  few  species  have  been 
thoroughly  investigated.  I  shall  present  the  results  obtained  with  these 
species  in  some  detail  and  those  obtained  with  some  other  species  very 
briefly. 

TUBICOLOUS    ANNELIDS 

Many  of  the  worms  give  very  striking  shock-reactions,  usually  to  rapid 
decrease  in  luminous  intensity.  Various  tubicolous  annelids  are  par- 
ticularly noteworthy  in  this  respect.  If  a  shadow  is  cast  on  them,  they 
suddenly  dart  into  their  tubes  (Dalyell,  46;  Ryder,  191;  Andrews,  7; 
et  al).  This  response  doubtless  serves  to  protect  them  against  enemies. 
It  is  readily  modified,  and  the  amount  of  reduction  in  light  necessary  to 
induce  it  varies  greatly,  as  does  also  the  time  the  animals  remain  in  the 
tubes  after  a  response.  Mrs.  Yerkes  (233)  found,  in  a  series  of  60  suc- 
cessive responses  of  a  specimen,  that  it  remained  in  the  tube  from  10  to 
710  sec.  It  is  consequently  evident  that  these  responses  are  not  closely 
correlated  with  the  magnitude  of  the  change  in  the  light  received.  They 
are  due  to  muscular  contractions,  but  nothing  is  known  concerning  the 
photoreceptors,  the  internal  processes  involved  in  the  contraction,  and 
the  stimulus  and  the  impulse  that  induce  it. 

ARENICOLA    LARVAE 

The  larvae  of  many  aquatic  worms  are  at  first  intensely  photo- 
positive  and  later  photonegative.  Observations  made  on  the  larvae  of 
Arenicola  lead  to  the  following  conclusions:  These  larvae  are  finger-like 
in  form  and  about  0.3  mm.  long.  They  have  two  eyes  and  a  band  of 
cilia  near  either  end.  They  swim  for  a  time  after  they  hatch,  then 
settle  to  the  bottom  and  crawl.  They  orient  precisely  and  are  strongly 
positive  when  they  swim  and  negative  when  they  crawl. 

Swimming  is  the  result  of  ciliary  action,  but  orientation  is  the  result 
of  muscular  contraction.  The  larvae  rotate  on  the  longitudinal  axis  when 
they  swim,  so  that  when  they  are  laterally  illuminated,  the  two  eyes  are 
alternately  directed  toward  and  away  from  the  light,  resulting  in 
alternate  increase  and  decrease  in  the  intensity  on  them.     When  in  the 
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process  of  rotation  one  eye  comes  to  be  directed  toward  and  the  other 
from  the  Hght,  the  muscles  on  the  illuminated  side  contract  vio- 
lently, turning  the  head  toward  the  Ught.  This  occurs  twice  during 
each  rotation  and  soon  results  in  orientation,  after  which,  if  the  light  is 
from  a  single  source,  the  two  eyes  are  continuously  equally  illuminated 
and  muscular  contraction  ceases. 

Mast  (140)  contends  that  these  muscular  contractions  are  reflexes 
dependent  upon  the  rate  of  change  of  luminous  intensity  in  the  eyes,  and 
that  the  orienting  stimulus  consequently  ceases  after  the  organism  is 
oriented.  Garrey  (75)  holds  that  they  are  the  result  of  difference  of 
tonus  in  the  muscles  on  opposite  sides,  due  to  difference  in  the  amount 
of  light  received  by  the  two  eyes ;  that  the  tonus  of  the  muscles  on  either 
side  is  continuously  proportional  to  the  amount  of  light  received  by  the 
eye  on  that  or  the  opposite  side;  and  that  the  orienting  stimulus  conse- 
quently continues  after  the  organism  is  oriented,  being  equal  when  the 
two  eyes  are  equally  illuminated,  i.e.,  when  the  organisms  swim  directly 
toward  the  light.  If  the  larvae  are  held  so  that  they  cannot  rotate,  and 
the  light  in  one  eye  is  increased  or  that  in  the  other  is  decreased,  the 
muscle  on  the  more  highly  illuminated  side  contracts,  but  it  is  unfor- 
tunately not  known  how  long  this  position  is  held.  The  results  in  hand 
consequently  show  that  contraction  of  the  muscles  is  correlated  with 
difference  in  the  intensity  of  the  illumination  of  the  two  eyes,  but  they 
do  not  show  whether  it  is  due  to  difference  in  tonus  in  accord  with 
Garrey's  contention  or  change  of  intensity  in  accord  with  Mast's.  It 
may,  however,  be  said  that  the  response  occurs  so  rapidly  that  there 
does  not  appear  to  be  time  to  induce  what  is  ordinarily  called  tonus. 

The  distribution  of  stimulating  efficiency  in  the  spectrum  for  larvae 
of  Arenicola  is  essentially  the  same  as  it  is  for  Euglena  viridis.  The 
maximum  is  approximately  at  4850  A,  from  which  it  decreases  rapidly 
in  either  direction  (Mast,  144). 

EARTHWORMS 

The  response  to  light  is  essentially  the  same  in  the  different  species 
of  earthworms  investigated.  The  following  statements  refer  to  Lum- 
hricus  terrestris  and  Eisenia  foetida.  These  species  respond  very  vigor- 
ously to  a  flash  of  light  by  violent  contraction  or  by  raising  the  anterior 
end  and  swinging  it  from  side  to  side.  If  repeatedly  stimulated  in  fairly 
close  succession  these  responses  become  less  and  less  definite  and  finally 
disappear  (Hoffmeister,  108).  If  the  intensity  is  slowly  increased,  they 
do  not  occur.  They  are,  therefore,  shock-reactions,  i.e.,  responses 
dependent  upon  the  rate  of  change  in  intensity. 

If  specimens  are  kept  in  darkness  or  in  constant  illumination  they 
become  quiet,  and  if  the  illumination  is  now  increased,  they  very  slowly 
become  active.     This  response  is  not  directly  dependent  upon  the  rate 
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of  increase  in  luminous  intensity.  There  are  therefore  two  types  of 
response,  a  rapid  response  which  is  closely  correlated  with  the  rate  of 
change  in  luminous  intensity,  and  a  slow  response  which  is  not  closely 
correlated  with  the  rate  of  change  in  this  intensity.  Neither  type  of 
response  has  been  thoroughly  investigated. 

In  the  epidermis  and  in  enlargements,  near  the  epidermis,  of  some 
of  the  nerve  cords,  there  are  large  cells,  each  of  which  contains  a  highly 
refractive  body  surrounded  by  a  nerve  net.  These  cells  are  photo- 
receptors. They  are  very  abundant  in  the  prostomium.  From  here 
posteriorly  they  decrease  rapidly  to  a  minimum  in  about  the  sixth 
segment,  then  remain  nearly  constant  until  near  the  posterior  end  where 
they  increase  again.  Their  distribution  is  the  same  as  the  distribution  of 
sensitivity  to  light  (Hesse,  107;  Hess,  106). 

Lumhricus  and  Eisenia  orient  fairly  precisely.  They  are  usually 
negative  in  all  but  very  weak  light  in  which  they  are  positive  (Adams,  1). 
If  they  are  laterally  illuminated  without  increase  of  intensity,  usually  they 
gradually  turn  directly  from  the  light  until  they  are  oriented.  If  they 
are  laterally  illuminated  with  increase  of  intensity,  they  frequently  turn 
directly  toward  the  light,  then  swing  the  anterior  end  from  side  to  side 
for  a  time,  and  finally  turn  from  the  light.  If  the  intensity  of  lateral 
illumination  is  low,  there  is  usually  marked  swinging  of  the  anterior 
end  and  orientation  is  indefinite.  The  swinging  of  the  anterior  end  is 
in  the  nature  of  exploratory  movements ;  it  serves  to  localize  the  direction 
of  illumination  more  accurately.  Turning  from  the  light  (orientation) 
may  be  due  entirely  to  contraction  of  the  shaded  side  or  entirely  to 
random  swinging  of  the  anterior  end  or  to  a  combination  of  these  two 
phenomena.  Contraction  of  the  shaded  side  is  directly  correlated  with 
difference  in  the  intensity  of  the  illumination  of  opposite  sides,  but  it  is 
probably  in  the  nature  of  a  reflex  shock-reaction.  At  any  rate,  there 
is  no  evidence  indicating  that  it  is  due  to  difference  in  tonus  of  the 
muscles  on  opposite  sides  in  direct  proportion  to  differences  in  the  amount 
of  light  received  by  the  photoreceptors  on  opposite  sides  (Mast,  140). 

Specimens  with  the  brain  removed  are  positive  in  ordinary  daylight, 
i.e.,  they  are  positive  in  light  of  very  much  higher  intensity  than  are 
normal  specimens.  In  specimens  with  the  nerve  cord  cut,  the  portion 
back  of  the  cut  is  positive  and  that  in  front  of  the  cut  is  negative.  The 
action  of  the  brain,  therefore,  increases  the  negativity  of  the  worm 
(Hess,  105).  Adaptation  to  light  (Hess,  105),  reduction  in  temperature, 
injection  of  depressant  drugs  around  the  brain,  and  injury  of  certain 
parts  of  the  brain  (Prosser,  187)  have  the  same  effect  as  removing  the 
brain;  rise  in  temperature,  within  certain  limits,  and  stimulating  drugs 
have  the  opposite  effect.  Specimens  with  the  brain  removed  are  less 
active  and  become  more  readily  light-adapted  than  normal  specimens 
(Prosser,  187).     These  facts  indicate  that  decrease  in  metabolic  processes 
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makes  the  worms  more  positive  and  that  the  action  of  the  brain  counter- 
acts this.  If  this  is  true,  the  positiveness  of  the  worms  should  vary- 
indirectly  with  oxygen  tension.     This  has  not  been  investigated. 

Prosser  (187)  reaches  the  following  conclusions  concerning  the 
processes  involved  in  these  phenomena:  In  specimens  with  the  brain 
removed,  lateral  illumination  produces  impulses  in  the  photoreceptors  on 
the  illuminated  side,  which  pass  through  the  nerve  cord  to  the  muscles 
on  this  side  and  cause  them  to  contract.  This  results  in  turning  toward 
the  light.  In  normal  specimens,  in  addition  to  the  impulses  which  pass 
through  the  cord  to  the  muscles  on  the  illuminated  side,  there  are  impulses 
which  pass  through  the  brain  to  the  muscles  on  the  opposite  side.  These 
come  from  the  receptors  in  the  highly  sensitive  anterior  end  of  the  worm. 
They  are,  therefore,  much  stronger  than  those  which  originate  farther 
back  and  pass  through  the  cord.  The  latter  are  consequently  inhibited 
by  the  former;  this  results  in  contraction  of  the  muscles  on  the  shaded 
side  and  turning  from  the  light. 

This  accounts  for  the  observed  increase  in  positiveness  with  decrease 
in  the  activation  of  the  brain.  There  are,  however,  other  possible 
interpretations  of  the  results  in  hand.  Further  investigation  is  desirable. 
The  observations  on  adaptation  to  darkness  and  light  should  also  be 
extended. 

The  stimulating  efhciency  of  hght  is  closely  correlated  with  wave- 
length. Beginning  with  zero  at  4430  A,  it  increases  rapidly,  with  increase 
in  wave-length,  to  a  maximum  between  4830  and  4930  A,  and  then 
decreases  rapidly  to  zero  at  5240  A.  This  indicates  that  the  range  of 
wave-length  effective  in  stimulation  is  very  small.  In  high  intensity 
it  is  doubtless  larger  than  indicated  by  the  results  presented  (Mast,  144). 

Yerkes  (234)  demonstrated  that  earthworms  in  a  maze  learn  by 
experience  to  avoid  regions  containing  salt  or  an  electric  grill.  Cope- 
land  (41)  found,  in  observations  on  specimens  of  Nereis  virens  in  glass 
tubes,  that  if  a  spot  of  light  is  always  flashed  on  the  food  when  it  is 
presented  in  front  of  the  opening  of  the  tubes,  these  worms  soon  learn 
to  come  out  when  the  light  is  flashed  on  without  the  food;  and  that  if 
now  a  shadow  is  always  cast  on  the  food  when  it  is  presented,  they  soon 
learn  to  come  out  when  the  shadow  is  thrown  on  without  the  food.  He 
concluded  that  "as  a  result  of  experience,  both  increased  and  decreased 
illumination  indicates  to  the  worms  the  presence  of  food." 

TURBELLARIA 

The  turbellaria  creep  on  the  substratum  by  means  of  cilia  and  turn  by 
means  of  muscles.  Many  of  them  respond  to  light.  If  the  intensity  is 
rapidly  changed,  practically  all  of  these  raise  the  head  and  swing  it 
from  side  to  side.  This  response  depends  upon  the  rate  of  change  in 
intensity.     It  is  a  shock-reaction.     Some  wander  about  at  random  until 
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they  get  into  light  of  a  certain  intensity,  where  they  come  to  rest  and  thus 
aggregate  in  this  intensity.  Others  orient  fairly  precisely;  some  of  them 
are  photopositive,  others  photonegative  (Loeb,  126;  Walter,  211;  Mast, 
140). 

If  the  light  intensity  is  increased  after  a  specimen  has  come  to  rest, 
it  remains  at  rest  for  some  time,  then  slowly  becomes  active.  This 
activity  gradually  increases  to  a  maximum  and  then  remains  fairly 
constant  (Mast,  140).  The  maximum  depends  somewhat  upon  the 
intensity  (Walter,  211).  This  relation  should  be  more  thoroughly 
investigated.  This  response  does  not  directly  depend  upon  the  rate  of 
change  of  intensity.     It  may  be  called  a  kinetic  response. 

Taliaferro  (203)  made  a  thorough  study  of  the  process  of  orientation  in 
Planaria  maculata  under  accurately  controlled  conditions  and  came  to  the 
following  conclusions:  If  Planaria  maculata  is  illuminated  from  one  side 
with  light  of  moderate  intensity,  the  opposite  side  contracts,  resulting 
in  gradual  turning  until  it  is  oriented,  after  which  it  proceeds  fairly 
directly  from  the  light.  If  the  intensity  is  higher,  it  turns  more  rapidly, 
and  if  it  is  very  high,  it  may  first  swing  the  anterior  end  from  side  to  side 
several  times  and  then  turn  from  the  light.  The  nature  of  the  response 
is  therefore  dependent  upon  the  intensity  of  the  light. 

If  the  two  eyes  are  removed,  it  does  not  orient.  Orientation  is 
consequently  due  to  stimuli  received  through  the  eyes.  Specimens  with 
one  eye  removed  orient  nearly  as  precisely  as  normal  specimens.  If  they 
are  illuminated  from  the  normal  side,  they  turn  directly  from  the  light 
until  they  are  oriented  and  then  continue  fairly  directly  from  the  light. 
If  they  are  illuminated  from  the  blind  side,  they  continue  without  any 
response  until,  owing  to  random  wandering  or  swinging  or  twisting  of  the 
anterior  end,  the  light  enters  the  intact  eye.  If  it  enters  the  posterior 
or  the  ventral  rhabdomes  in  the  eye,  they  turn  toward  the  normal  side, 
i.e.,  from  the  light,  and  soon  become  oriented.  If  it  enters  the  anterior 
or  the  dorsal  rhabdomes,  they  turn  from  the  normal  side,  i.e.,  toward  the 
light.  This  turning  may  continue  until  they  are  directed  from  the  light, 
or  there  may  be  a  series  of  successive  responses  which  finally  result  in 
orientation.  The  direction  of  turning,  i.e.,  the  nature  of  the  orienting 
response,  therefore,  depends  upon  the  location  of  the  stimulus  in  the  eye 
as  well  as  upon  the  intensity  of  the  light.  These  responses  are  rapid 
and  of  short  duration.  They  are  probably  dependent  upon  rate  of  change 
in  intensity,  i.e.,  they  are  probably  shock-reactions.  Orientation  in 
one-eyed  specimens  is,  therefore,  due  to  one  or  more  responses,  consist- 
ing of  rapid  muscular  contraction  on  one  side.  It  obviously  is  not 
due  to  "balanced"  stimulation  of  photoreceptors  on  opposite  sides, 
resulting  in  "balanced"  tonus  of  muscles  on  opposite  sides,  in  accord 
with  Loeb's  tonus  theory  of  orientation,  and  there  appears  to  be  no 
reason  for  assuming  that  it  is  essentially  different  in  normal  specimens. 
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The  activity  of  specimens  without  eyes  depends  upon  the  intensity  of 
the  hght  in  which  they  are  exposed.  These  responses  are  correlated 
with  the  amount  of  Ught  energy  received,  rather  than  with  the  rate  of 
change  in  the  amount  received.  There  are,  therefore,  two  kinds  of 
response  in  Planaria,  one  dependent  upon  the  eyes,  the  other  not.  There 
is  nothing  known  concerning  the  chemical  and  physical  changes  associated 
with  either  of  these  responses  or  with  the  stimuli  which  induce  them,  and 
practically  nothing  concerning  the  quantitative  relation  between  the 
stimuli  and  the  responses. 

The  distribution  in  the  spectrum  of  stimulating  efSciency,  in  these 
forms,  has  not  been  adequately  investigated.  Kiihn  (119)  says  planarians 
are  positive  in  light  of  long  wave-length  and  negative  in  light  of  shorter 
wave-length,  and  Beuther  (18)  maintains  they  have  color  vision,  but 
Koehler  (116)  thinks  this  has  not  been  established.  Merker  and  Gilbert 
(167a)  conclude  that  they  "see"  ultra-violet,  but  they  give  no  information 
concerning  discrimination  between  different  regions  in  the  visible 
spectrum. 

MOLLUSCS 

Response  to  light  has  been  fairly  intensively  studied  in  several  differ- 
ent molluscs:  Mya,  Peden,  Helix,  Limax,  and  Agriolimax, 

MYA 

Mya,  the  long-necked  clam,  responds  very  definitely  to  rapid  increase 
in  light  by  contraction  of  the  neck,  and  to  rapid  decrease  in  light  by 
closing  the  siphons  (Nagel,  175).  It  contains  numerous  photoreceptors 
on  the  inner  surface  of  the  siphons.  They  are  found  throughout  its 
entire  length,  but  they  are  most  abundant  in  the  central  region.  Their 
distribution  is  closely  correlated  with  the  distribution  of  sensitivity,  and 
the  reaction  time  varies  directly  with  the  number  of  receptors  illuminated 
(Light,  125). 

Hecht  (83  to  89)  investigated  in  its  various  phases,  the  response  to 
increase  in  light  intensity  in  Mya  and  also  in  Pholas  and  Ciona,^  and 
reached  the  following  conclusions: 

The  time  between  increase  in  illumination  and  contraction  (reaction 
time)  is  composed  of  two  periods.  During  the  first  of  these  periods,  the 
exposure  period,  the  organism  must  be  in  light;  during  the  second,  the 
latent  period,  it  does  not  need  to  be  in  light.  In  a  given  intensity,  as 
the  exposure  period  increases,  the  reaction  time  and  the  latent  period 
decrease  to  a  minimum  and  then  remain  constant.  The  minimum  latent 
period  does  not  vary  with  the  intensity  but  the  exposure  period  t,  produc- 

^  Pholas  is  a  mollusc  which  is  much  like  Mya  in  structure.  Ciona  is  an  ascidian 
which  is  not  closely  related  to  Mya,  but  it  contains  siphons  which  respond  to  increase 
in  illumination  very  much  like  those  in  Mya. 
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ing  the  minimum  latent  period,  is  inversely  proportional  to  the  intensity 
i,  that  is,  ti  is  constant  and  the  response  is  therefore  in  accord  with  the 
Bunsen-Roscoe  law. 

With  a  given  intensity,  the  exposure  period  is  practically  independent 
of  temperature,  but  the  latent  period  varies  inversely  with  the  tempera- 
ture. The  value  of  m  in  the  Arrhenius  equation  is  19,700  for  Mya, 
18,300  for  Pholas,  and  16,200  for  Ciona. 

During  dark-adaptation  the  reaction  time  for  constant  intensity 
increases  rapidly  at  first,  and  then  more  slowly  until  it  reaches  a  minimum, 
after  which  it  is  constant.  The  rate  of  dark-adaptation  varies  directly 
with  temperature.     It  is  a  slow  process,  requiring  half  an  hour  or  more. 

The  maximum  stimulating  efficiency  in  the  visible  spectrum  is  at 
5000  A  for  Mya  and  at  5500  A  for  Pholas.  From  these  points  it  decreases 
rapidly  in  either  direction. 

During  exposure  to  light,  a  substance  S  in  the  photoreceptors,  is 
broken  down  into  two  or  more  substances  (P,  A,C).  One  of  these,  C,  is  a 
catalyst,  which  during  the  latent  period  acts  on  another  substance  L  and 
produces  still  another  substance  T.  When  this  substance  becomes 
sufficiently  concentrated  it  stimulates  the  nerves  and  causes  the  siphon 
to  contract.     In  darkness,  P  and  A  unite  to  form  S. 

The  first  reaction  is  a  reversible  photochemical  reaction  independent 
of  temperature.  The  second  is  dependent  upon  temperature.  It  is  not 
a  photochemical  reaction.  It  is  probably  an  oxidation  reaction  catalyzed 
by  iron. 

The  processes  involved  are  identical  in  the  three  forms  investigated, 
but  the  substances  involved  differ. 

Pieron  (185)  and  Folger  (66)  repeated  a  portion  of  Hecht's  observa- 
tions on  Mya.  Both  maintain  that  the  results  obtained  do  not  support 
Hecht's  contention  that  the  energy  ti,  necessary  to  induce  retraction  of 
the  siphon,  is  constant  for  different  intensities.  In  view  of  these  con- 
tradictory contentions  it  is  highly  desirable  to  have  the  observations  on 
which  they  are  based,  repeated  and  extended. 

Hecht  and  Wolf  (95)  compared  the  stimulating  efficiency  for  Mya,  of 
intermittent  light  with  a  flash  frequency  of  130  per  sec,  with  that  of 
continuous  light  and  found  it  to  be  the  same.  They  conclude  (page  388), 
"the  results  demonstrate  the  validity  of  Talbot's  law  for  Mya." 

PECTEN 

Pecten  is  remarkable  for  its  numerous  well  developed  eyes  on  the  edge 
of  the  mantle.  It  responds  vigorously  to  rapid  reduction  in  light  by 
closing  its  valves  but  it  does  not  respond  to  increase  in  light  (Wenrich, 
219).  There  has  been  much  discussion  but  very  little  experimental 
work  concerning  the  function  of  the  eyes.  Wenrich  maintains  that  if  a 
highly  illuminated  small  white  cardboard  is  moved  over  a  large  vertical 
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black  surface  in  front  of  one  of  these  molluscs,  it  closes  its  valves  even  if 
conditions  ar6  so  arranged  that  the  illumination  of  the  white  cardboard 
increases  as  it  moves.  He  concludes  that  this  demonstrates  "the 
ability  of  the  Pecten  eye  to  form  an  image." 

I  think  that  this  conclusion  is  valid.  The  response  observed  is 
doubtless  due  to  reduction  in  light  intensity  on  a  localized  region  of  the 
retina,  owing  to  movement  of  the  image  of  the  white  cardboard. 

HELEX 

The  snail,  Helix,  like  the  turbellaria,  creeps  by  means  of  cilia  and 
turns  and  orients  by  means  of  muscles.     It  is  photonegative. 

Buddenbrock  (23)  maintains  that  in  vertical  illumination  specimens 
with  one  eye  removed  turn  continuously  toward  the  blind  side,  and  that 
the  rate  of  turning  (magnitude  of  deflection  from  a  straight  course) 
varies  directly  with  the  intensity  of  the  light.  He  asserts  that  this  is 
due  to  unequal  tonus  of  the  muscles  on  opposite  sides,  owing  to  the 
difference  in  the  illumination  of  the  two  eyes,  but  he  contends  that  in 
laferal  illumination  such  specimens  turn  directly  from  the  light  toward 
either  side,  and  that  this  is  due  to  reflexes.  He  maintains  that  if  Helix 
is  slowly  rotated  so  as  to  change  the  direction  of  movement  in  relation 
to  the  source  of  light,  it  turns  so  as  to  resume  its  original  orientation. 
This  response  he  calls  "Kompassbewegung."  Fraenkel  (68)  obtained 
similar  results  with  another  snail,  Elysia  viridis.  This  response  seems 
to  show  that  the  eyes  of  Helix  and  Elysia  form  images,  and  that  when 
these  move  over  the  retina  the  animals  turn  so  as  to  tend  to  retain  their 
former  position. 

If  the  eyes  form  images  the  direction  of  turning  is  probably  corre- 
lated with  the  location  of  the  stimulus  in  the  eye  as  it  is  in  Planaria.  If 
this  is  true,  the  continuous  turning  toward  the  blind  side  in  vertical 
illumination  is  probably  correlated  with  the  location  of  the  image  in  the 
eye,  just  as  is  the  turning  toward  the  Ught  in  lateral  illumination.  There 
consequently  appears  to  be  no  necessity  for  assuming  the  former  to  be 
the  result  of  tonus  and  the  latter  the  result  of  reflexes. 

LIMAX   AND    AGRIOLIMAX 

The  slugs,  Limax  and  Agriolimax,  like  Helix,  use  cilia  for  creeping 
and  muscles  for  turning.  They  are  photonegative  and  geonegative. 
One-eyed  specimens  in  vertical  illumination  tend  continuously  to  deflect 
toward  the  blind  side,  i.e.,  they  make  circus  movements  like  Helix. 
Normal  specimens  on  a  vertical  surface  in  a  horizontal  beam  of  light 
creep  upward  and  deflect  from  the  source  of  light.  The  relation  between 
the  amplitude  of  deflection  and  the  intensity  of  vertical  illumination, 
and  the  relation  between  the  angle  of  deflection  from  the  vertical  and 
the  intensity  of  lateral  illumination  have  been  investigated  by  Crozier 
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and  Cole  (43),  Crozier  and  Federighi  (44),  Wolf  and  Crozier  (230),  and 
Crozier  and  Wolf  (45). 

They  found  that  the  amplitude  of  deflection  from  a  straight  course 
in  one-eyed  specimens  in  vertical  illumination  varies  directly  with  the 
light  intensity  and  inversely  with  the  rate  of  locomotion,  and  that  the 
angle  of  deflection  from  the  vertical  in  normal  specimens  with  lateral 
illumination  varies  directly  with  the  light  intensity  and  inversely  with 
the  time  of  exposure  to  the  light. 

They  assume  that  turning  is  due  to  difference  in  the  tonus  of  the 
muscles  on  opposite  sides,  that  this  difference  in  tonus  is  proportional 
to  the  difference  in  the  amount  of  light  received  by  the  two  eyes,  that 
light  acts  continuously,  and  that  the  effects  of  light  and  gravitation  on 
turning  on  a  vertical  surface  in  a  horizontal  beam  of  light  are  practically 
independent  of  the  magnitude  of  the  angle  between  the  vertical  and  the 
direction  of  locomotion.  On  the  basis  of  these  assumptions  and  the 
results  obtained  in  experimental  observations,  they  made  mathematical 
calculations  and  reached  the  follovv^ing  conclusions: 

In  Limax  the  amplitude  of  turning  in  vertical  illumination  (one-eyed 
specimens)  and  the  angle  of  deflection  from  the  vertical  in  horizontal 
illumination  (normal  specimens)  are  directly  proportional  to  the  loga- 
rithm of  the  intensity.  In  Agriolimax  in  horizontal  illumination,  the 
angle  of  deflection  from  the  vertical  and  "the  velocity  of  photic  adapta- 
tion" are  directly  proportional  to  the  logarithm  of  the  intensity.  "The 
excitation  is  at  any  moment  proportional  to  the  rate  of  photolysis  of 
sensitive  material  S,  undergoing  a  first-order  decomposition  by  light  and 
reconstituted  by  a  'dark'  reaction  which  is  second  order  and  with  posi- 
tive autocatalysis."     (43,  page  669.) 

Some  of  these  conclusions  are  equivocal,  for  some  of  the  assumptions 
upon  which  they  rest  are  questionable.  The  effect  of  gravitation  on 
turning,  which  is  assumed  to  be  constant,  is  zero  when  the  slug  faces 
upward,  and  it  increases  (as  the  angle  of  deflection  from  the  vertical 
increases),  to  a  maximum  probably  when  the  slug  faces  downward;  and 
the  stimulating  efficiency  of  light  in  reference  to  the  effect  on  turning, 
which  is  assumed  to  be  constant,  probably  varies  with  the  location  of 
the  image  of  the  light  in  the  eye,  and  this  varies  with  the  angle  of  deflec- 
tion from  the  vertical.  Moreover,  Buddenbrock  contends  that  in  Helix, 
which  is  similar  in  structure  to  Limax,  orientation  is  the  result  of  reflexes. 
If  this  is  true,  the  magnitude  of  turning  is  probably  not  proportional  to 
the  difference  in  the  amount  of  light  received  by  the  two  eyes,  as  assumed. 
These  investigations  should,  therefore,  be  repeated  and  extended  with 
the  variables  involved  controlled  or  eliminated. 

ARTHROPODS 

The  study  of  response  to  light  in  the  arthropods  is  largely  confined 
to  Daphnia  and  a  number  of  insects. 
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DAPHNIA 

Daphnia  is  a  small  crustacean  with  one  compound  median  eye  and  two 
locomotor  antennae,  one  attached  to  either  side  at  the  anterior  end. 

In  diffuse  constant  illumination,  it  orients  with  the  long  axis  vertical 
and  the  anterior  end  up,  and  swims  about  very  slowly  and  irregularly, 
now  sinking  a  little  and  then  rising  again,  with  but  little  change  in  loca- 
tion. In  a  horizontal  beam  of  light,  it  behaves  in  the  same  way  but  it 
orients  so  that  the  back  faces  the  light.  If  the  light  intensity  is  rapidly 
decreased,  it  stops,  sinks  a  little,  and  then  either  retains  its  orienta- 
tion and  swims  slowly  toward  the  light  backward  or  turns  through 
180°  and  swims  rapidly  toward  it  forward.  If  the  intensity  is  rapidly 
increased,  it  stops,  sinks  a  little  and  swims  from  the  light  forward. 
If  the  intensity  remains  constant  after  it  has  become  positive  or  nega- 
tive, it  soon  becomes  neutral,  i.e.,  it  rapidly  becomes  adapted  to  the 
changed  illumination.  If  the  intensity  is  slowly  changed  these  responses 
do  not  occur.  They  are,  therefore,  dependent  upon  rate  of  change  in 
intensity,  and  have  the  essential  characteristics  of  shock-reactions. 
Ewald  (60)  calls  them  "Bewegungsreflexe." 

If  Daphnia  is  kept  in  darkness  12  to  24  hr.,  it  becomes  inactive  and 
sinks  to  the  bottom;  and  if  it  is  then  illuminated,  it  gradually  becomes 
active  and  swims  upward.  This  response  occurs  whether  the  light  is 
slowly  or  rapidly  increased;  it  is,  therefore,  not  specifically  dependent 
upon  the  rate  of  change  in  intensity  (Koehler,  115). 

There  are  at  least  two  systems  involved  in  response  to  light  in 
Daphnia;  one  which  is  primarily  dependent  upon  rate  of  change  in 
intensity,  and  one  which  is  not. 

The  relation  between  the  rate  of  change  in  intensity  and  the  mag- 
nitude of  change  in  activity  should  be  more  thoroughly  investigated. 

Clarke  (37)  studied  in  some  detail  the  Bewegungsreflexe.  He  was 
unable  to  make  accurate  measurements  concerning  the  different  phases 
of  the  response,  owing  to  the  gradual  change  in  the  activity  of  the 
organisms  ("the  gradual  onset  of  the  response")-  This  doubtless 
accounts  in  large  measure  for  the  marked  variability  in  the  results 
recorded.     He  came  to  the  following  conclusions: 

The  "threshold  amount  of  reduction"  in  light  varies  inversely 
with  the  rate  of  reduction  and  the  "duration  of  previous  exposure  to 
light"  and  directly  with  "duration  of  previous  sojourn  in  dark."  The 
latent  period  varies  inversely  with  the  amount  of  reduction  and  the 
temperature.  The  "speed  of  response"  varies  directly  with  the  amount 
of  reduction  and  the  temperature.  The  "magnitude  of  response"  varies 
directly  with  the  amount  of  reduction  and  the  "duration  of  previous 
exposure  to  light"  and  inversely  with  the  "duration  of  previous  sojourn 
in  dark."     The  "duration  of  response"  varies  directly  with  the  amount 
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of  reduction.  The  change  in  direction  of  movement  from  photopositive 
(following  decrease  in  illumination)  to  photonegative  (following  increase 
in  illumination)  "can  be  accounted  for  by  one  mechanism  of  excitation, 
if  it  were  photoreversible  and  properly  controlled." 

The  photoreversible  process  postulated  by  Clarke  is  essentially  the 
same  as  that  postulated  in  1907  by  jMast  to  account  for  reversal  in  photic 
response  in  Volvox.  The  results  obtained  in  more  recent  observations 
on  Volvox  (Mast,  152,  156)  made  it  necessary,  however,  to  postulate  a 
much  more  complicated  system  to  account  for  reversal  and  the  factors 
associated  with  it  in  these  organisms.  This  doubtless  also  obtains  for 
Daphnia,  for  Clarke's  postulated  mechanism  does  not  explain  reversal  in 
direction  of  locomotion  from  negative  to  positive  accompanied  by 
reversal  in  orientation. 

Clarke  and  Wolf  (38)  observed  that  when  Daphnia  swims  forward 
toward  the  light,  the  body  is  "tilted  forward"  and  that  when  it  swims 
backward  from  the  light,  it  is  "tilted  backward"  and  they  seem  to  hold 
that  reversal  is  due  to  this  change  in  posture,  but  they  do  not  explain 
how  this  difference  in  the  posture  of  the  antennae  would  produce  the 
difference  in  direction  of  locomotion  observed.  I  think  it  is  due  to 
reversal  in  the  direction  of  the  effective  stroke  of  the  antennae  and  that 
the  tilting  of  the  body  is  due  to  lag  in  the  movement  of  the  body,  owing 
to  the  horizontal  pull  of  the  antennae  at  the  anterior  end.  It  would 
probably  be  a  simple  matter  to  ascertain  by  direct  observations  which 
of  these  views  is  correct. 

Increase  in  hydrogen  ion  concentration  (Ewald,  60),  rapid  decrease 
in  temperature  (Clarke,  37)  and  strychnine  (Clarke  and  Wolf,  38)  have 
the  same  effect  on  reversal  in  direction  of  movement  as  rapid  decrease  in 
luminous  intensity.  Reversal  in  light  is  correlated  with  reversal  in  a 
galvanic  current.  When  Daphnia  is  photopositive,  it  is  positive  to  the 
cathode,  and  when  it  is  photonegative,  it  is  positive  to  the  anode.  It 
always  swims  backward  toward  the  cathode  and  forward  toward  the 
anode  (Clarke  and  Wolf,  38).  The  effect  of  environmental  factors  on 
reversal  in  Daphnia  is  essentially  the  same  as  it  is  in  Volvox  (Mast  145, 
146,  152,  156). 

Orientation. — Ewald  (62)  maintains  that  in  reference  to  Bewegungs- 
reflexe,  the  stimulating  efficiency  of  intermittent  light  with  a  frequency 
of  about  1  flash  per  sec.  is  16  times  as  great  as  continuous  light,  that  as 
the  frequency  increases,  the  efficiency  decreases  proportionally  until 
at  about  20  flashes  per  sec,  it  is  equal  to  continuous  light.  He  concludes 
that  Talbot's  law  and  the  Bunsen-Roscoe  law  hold. 

This  method  has  been  used  by  a  considerable  number  of  other  investi- 
gators (Ewald,  61;  Patten,  183;  Loeb,  127;  et  al.)  to  prove  that  the 
Bunsen-Roscoe  law  holds.  It  is,  however,  obvious  without  experimental 
demonstration  that  intermittent  light  has  for  every  system  quantitatively 
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the  same  effect  as  continuous  light,  provided  the  frequency  is  sufficiently 
high.  It  is  therefore  evident  without  observation  that  the  Bunsen- 
Roscoe  law  holds  in  some  respects  for  every  system  and  that  its  estab- 
lishment is  of  importance  only  when  it  is  specifically  correlated  with  flash 
frequency,  i.e.,  the  duration  of  the  exposure  period,  and  with  the  intensity 
of  the  light  (Mast,  148). 

Daphnia,  as  stated  above,  usually  orients  with  its  back  toward  the 
source  of  light.  If  the  direction  of  illumination  is  changed,  it  turns 
directly  from  the  light  until  it  is  again  oriented.  If  it  is  held  so  that 
the  body  cannot  turn,  the  eye  turns  so  as  to  assume  as  nearly  as  possible 
its  former  orientation  (Radl,  189). 

Clarke  (37,  page  184)  comes  to  the  following  conclusions:  "Orienta- 
tion is  brought  about  by  the  differential  stimulation  by  the  light  of  the 
bilaterally  symmetrical  organ  of  light  reception.  The  consequence  is 
that  differential  changes  in  the  posture  of  the  two  swimming  appendages 
on  the  two  sides  of  the  body  are  produced.  As  a  result  the  animal  is 
turned  until  equal  amounts  of  light  are  received  by  both  sides  of  the  eye 
and  orientation  is  complete."  It  "conforms  to  the  general  theory  of 
phototropic  orientation,"  meaning,  I  assume,  Loeb's  tonus  theory. 

He  presents  no  evidence  in  support  of  these  conclusions.  It  may 
well  be  that  orientation  is  the  result  of  change  in  the  direction  of  the 
stroke  of  the  antennae  correlated  with  the  location  of  the  stimulus  in  the 
eye,  rather  than  to  "differential  changes  in  the  posture"  of  the  two 
antennae  correlated  with  the  relation  in  the  amount  of  light  received 
by  opposite  sides  of  the  eye.  Detailed  observations  on  the  posture  and 
the  action  of  the  antennae  would  doubtless  yield  results  which  would 
have  important  bearings  on  this  problem.  Moreover,  according  to 
Ewald  (62),  when  the  eye  is  oriented  in  light  from  two  sources,  the  two 
sides  are  equally  illuminated  only  if  the  light  received  from  the  two 
sources  is  equal.  If  this  is  true  it  is  obvious  that  when  Daphnia  is 
oriented  under  natural  conditions  "both  sides  of  the  eye"  rarely  ff  ever 
"receive  equal  amounts  of  light." 

Ewald  (62)  maintains  that  intermittent  light  has  per  given  quantity 
the  same  effect  as  continuous  light  on  the  orientation  of  the  eye  and  on 
the  position  of  aggregation  of  free  specimens,  and  that  this  effect  is 
independent  of  flash  frequency  down  to  1  per  sec.  and  consequently  that 
the  process  of  orientation  and  the  Bewegungsreflexe  are  independent. 
He  postulates  that  the  former  is  due  to  stimulation  of  the  lateral,  and 
the  latter  to  stimulation  of  the  anterior  ommatidia  in  the  eye,  but  he 
presents  no  evidence  in  favor  of  this  postulation. 

Clarke  (37)  and  Clarke  and  Wolf  (38)  observed  that  strychnine  makes 
photonegative  specimens  photopositive  without  causing  any  change  in 
orientation  and  they  maintain  that  this  shows  that  the  two  processes  are 
distinct.     They  consequently  support  Ewald  in  the  contention  that  the 
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Bewegungsreflexe  and  the  process  of  orientation  are  independent.  But 
they  do  not  support  him  in  the  contention  that  their  independence  is  due 
to  different  receptors  involved.  They  maintain  that  the  one  process  is 
correlated  with  rate  of  change  in  light  intensity  and  the  other  with  con- 
tinuous  action  of  light. 

Color  Vision. — Beginning  with  Bert  (13)  numerous  investigators  have 
attacked  the  problem  of  color  vision  in  Daphnia.  Some  concluded  that 
Daphnia  is  color-blind,  others  that  it  is  not.  Koehler  (115)  reviewed  the 
literature  in  detail  and  presented  the  results  obtained  in  an  intensive 
investigation  of  the  problem.  He  maintains  that  if  Daphnia  is  fully 
adapted  to  light  of  moderate  intensity,  it  is  positive  in  red,  orange, 
yellow,  or  green,  and  negative  in  blue  or  violet,  no  matter  whether  these 
colors  are  brighter  or  darker  for  Daphnia  than  the  white  light  in  which 
it  is  adapted,  but  that  if  they  are  fully  dark-adapted,  they  are  negative 
to  all  colors  provided  the  increase  in  intensity  is  low  and  that  if  they  are 
very  strongly  light-adapted,  they  are  positive  to  all  colors. 

He  concludes  that  if  Daphnia  is  fully  dark-adapted  or  very  strongly 
adapted  to  intense  light,  it  is  color-blind,  but  that  if  it  is  adapted  to 
light  of  moderate  intensity,  it  can  distinguish  at  least  two  colors.  "Sie 
unterscheiden  der  Wellenlange  nach,  und  unabhangig  von  der  Intensitat, 
mindestens  zwei  Qualitaten  voneinander  und  von  farblosen  Lichtern, 
namlich  langwelliges  (Rot,  Gelb,  Griin)  und  kurzwelliges  Licht  (Blau, 
Violett)"  (page  135).  Merker  (166a)  maintains  that  he  has  proved 
that  Daphnia  "sees"  ultra-violet,  but  he  gives  no  information  concerning 
the  rest  of  the  spectrum. 

INSECTS 

More  observations  and  more  speculations  have  been  devoted  to  motor 
responses  to  light  in  insects  than  in  any  other  group  of  invertebrates. 
These  observations  and  speculations  concern  the  processes  involved  in 
orientation,  the  effect  of  light  on  activity,  the  rate  of  adaptation  to  light 
and  to  darkness,  and  vision. 

ORIENTATION 

Many  insects  orient  very  precisely  in  light,  some  are  photopositive 
or  photonegative  and  some  tend  to  hold  any  given  direction  of  move- 
ment that  has  once  been  assumed  in  relation  to  the  direction  of  the  most 
intense  illumination.  In  light  from  two  sources,  the  former  usually  go 
toward  or  from  a  point  between  the  two  sources,  the  latter  usually 
directly  toward  one  of  the  two  sources. 

If  a  photopositive  insect  is  laterally  illuminated  in  a  beam  of  light 
from  a  single  source,  it  turns  toward  the  light  until  the  two  eyes  are 
approximately  equally  illuminated,  and  then  proceeds  in  a  fairly  straight 
course.     If  it  is  exposed  in  a  field  of  light  consisting  of  two  beams  crossing 
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at  right  angles,  it  goes  toward  a  point  between  the  two  beams.  The  loca- 
tion of  this  point  depends  upon  the  relative  intensity  of  the  two  beams. 
The  greater  the  difference,  the  nearer  the  more  intense  beam  is  this  point 
(Mast,  140;  Patten,  183;  Dolley,  49). 

Results  obtained  in  observations  made  on  Eristalis  tenax  by  Dolley 
and  Wierda  (56)  show  that  with  the  intensity  of  the  two  beams  so  related 
that  when  the  insect  is  oriented  the  image  in  one  eye  is  near  the  anterior 
end  and  that  in  the  other  eye  is  near  the  posterior  end,  the  one  receives 
50  times  as  much  light  as  the  other.  That  is,  these  results  show  that  to 
produce  a  given  effect  on  turning,  an  image  near  the  anterior  end  of  the 
eye  must  be  50  times  as  intense  as  an  image  of  the  same  size  near  the 
posterior  end.  This  indicates  that  the  efficiency  of  light  to  induce 
turning  decreases  rapidly  as  the  location  of  the  image  passes  forward 
in  the  eye.  In  an  oriented  insect  under  these  conditions  the  two  eyes 
are  equally  illuminated  only  when  the  light  in  the  two  beams  is  equal 
(Mast,  148).  Parker  (182)  and  Cole  (39)  demonstrated  that  a  given 
amount  of  light  in  a  large  image  has  a  greater  effect  on  turning  than  the 
same  amount  of  light  in  a  small  image.  It  is  therefore  evident  that 
when  an  insect  is  oriented  under  natural  conditions,  the  two  eyes  are 
rarely  if  ever  equally  illuminated. 

If  photopositive  insects  on  a  nonreflecting  background  are  (with  a 
concentrated  source  of  light)  illuminated  on  one  side  from  behind,  all  the 
legs  on  the  illuminated  side  step  backward  and  all  on  the  opposite  side 
forward.  If  illuminated  directly  from  the  right,  the  front  legs  on  both 
sides  step  toward  the  right.  If  illuminated  directly  from  in  front,  all  the 
legs  on  both  sides  step  forward.  This  obtains  also  for  insects  with  only 
one  functional  eye.  The  movement  of  the  legs  on  both  sides  is  controlled 
by  photic  stimulation  of  either  eye  and  the  direction  of  movement 
depends  upon  the  location  of  the  stimulus  in  the  eye  (Mast,  148,  149). 

Photopositive  insects  with  the  front  and  the  middle  legs  on  one  side 
removed  orient  nearly  as  precisely  as  normal  insects.  If  they  are  laterally 
illuminated  from  either  direction,  the  front  leg  is  extended  toward  the 
light,  attached  and  then  flexed.  Thus  the  anterior  end  is  pulled  either 
toward  the  operated  or  toward  the  normal  side,  depending  upon  which 
side  is  more  highly  illuminated.  After  they  are  oriented,  the  front  leg  is 
extended  nearly  directly  forward,  attached,  and  then  flexed.  Thus  they 
proceed  slightly  sidewise  but  fairly  directly  toward  the  light,  with  the  two 
eyes  continuously  unequally  illuminated  (Mast,  148). 

Insects  with  the  function  of  one  eye  destroyed  tend  to  turn  continu- 
ously toward  the  functional  eye  if  they  are  photopositive,  and  toward  the 
blind  side  if  they  are  photonegative,  and  some  of  them  lean  in  the  direc- 
tion in  which  they  turn,  the  legs  on  one  side  being  sharply  flexed  and 
those  on  the  other  side  much  extended  (Holmes,  109;  Parker,  182; 
Rddl,  189;  Dolley,  49;  Garrey,  75). 
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In  a  beam  of  light  they  orient  with  the  longitudinal  axis  at  an  angle 
with  the  direction  of  the  rays  and  go  diagonally  across  the  beam.  The 
angle  of  deflection  is  independent  of  the  light  intensity;  but  if  the  intensity 
is  rapidly  increased  or  decreased  after  the  insects  are  oriented,  they  turn 
sharply  from  or  toward  the  light,  then  gradually  back  until  they  have 
assumed  their  former  direction  of  movement.  If  the  intensity  is  slowly 
changed,  they  do  not  turn.  These  responses  are  therefore  typical  shock- 
reactions  (Dolley,  49). 

The  tendency  to  turn  is  much  more  marked  in  diffuse  light  with  much 
reflection  from  the  background  than  it  is  in  a  beam  of  light  with  little 
reflection  from  the  background.  It  decreases  with  time  and  in  some 
insects  disappears  entirely  (Radl,  189;  Holmes,  109;  Dolley,  49;  Minnich, 
170).  Some  contend  that  the  decrease  is  correlated  with  experience;  but 
Clark  (33)  found  that  it  is  correlated  with  adaptation  to  light  and  that  it 
probably  is  independent  of  experience.  Mast  (149)  maintains  that  if  the 
ventral  and  the  posterior  surfaces  of  the  functional  eye  are  covered,  there 
is  no  tendency  to  turn.  He  concludes  that  the  turning  is  due  primarily 
to  stimulation  of  the  rhabdomes  in  the  posterior  and  the  ventral  portions 
of  the  eye  by  light  reflected  from  the  background.  Dolley  (49)  contends 
that  in  vertical  illumination  the  rate  of  deflection  in  turning  varies 
directly  with  intensity,  if  the  source  of  light  is  large  and  the  background 
is  white,  but  indirectly  if  the  source  of  light  is  very  small  and  the  back- 
ground is  dull  black. 

Eristalis  on  the  wing  orients  fairly  accurately.  If,  after  it  is  oriented 
in  a  beam  of  light,  the  source  of  light  is  raised  or  lowered,  it  turns  directly 
upward  or  downward.  When  the  position  of  the  light  is  changed,  the 
images  in  the  two  eyes  are  equally  and  simultaneously  changed  in  loca- 
tion. The  turning  is  due  to  this  change.  It  cannot  be  due  to  difference 
in  the  illumination  of  the  two  eyes  for  they  are  continuously  equally 
illuminated  (Mast,  148). 

If  a  male  firefly  on  foot  or  on  the  wing  is  so^ne  distance  from  a  female 
firefly  when  she  produces  a  flash  of  light,  he  turns  until  he  faces  the  direc- 
tion from  which  the  light  came  and  then  proceeds  directly  toward  her. 
The  magnitude  of  the  angle  through  which  he  turns  consequently  varies 
from  zero  to  practically  180°  depending  upon  the  direction  in  which  he 
faces  in  relation  to  the  location  of  the  female  when  the  flash  of  light  is 
produced.  This  obviously  is  correlated  with  the  location  in  the  eye  of  the 
image  of  the  flash  of  light.  If  it  is  located  in  the  posterior  region  of  the 
eye,  a  chain  of  reflexes  is  initiated  which  results  in  turning  through  nearly 
180°  followed  by  direct  forward  movement.  If  it  is  located  in  the 
anterior  region  of  the  eye,  no  turning  reflexes  are  initiated. 

If  a  male  firefly  glows  in  the  neighborhood  of  a  female,  she  raises  and 
twists  the  abdomen  until  the  ventral  surface  is  directed  toward  him  and 
then  glows,  no  matter  where  he  is  located.     Thus,  after  an  image  of  a 
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flash  of  light  produced  by  a  male  has  been  formed  on  the  retina  of  a 
female,  she,  in  total  darkness,  directs  the  ventral  surface  of  the  abdomen 
toward  any  point  in  space,  depending  upon  where  the  male  chances  to 
be  when  he  glows.  The  image  obviously  starts  a  series  of  reflexes,  the 
nature  of  which  is  specifically  correlated  with  the  location  of  the  image 
in  the  eye. 

The  males  very  rarely  if  ever  respond  to  the  glow  of  other  males.  In 
some  way  they  are  able  to  distinguish  between  the  flashes  of  light  pro- 
duced by  the  two  sexes  (Mast,  141). 

Some  insects,  after  they  have  assumed  a  definite  axial  position  in 
relation  to  a  source  of  light,  tend  to  retain  this  position.  This  phenom- 
enon is  particularly  prominent  in  a  complex  field  of  light,  e.g.,  in  direct 
sunlight  in  an  open  field  and  in  insects  on  a  turntable.  The  insects 
apparently  tend  to  take  such  a  course  that  the  location  of  the  images  in 
the  eye  remains  constant.  It  has  been  observed  in  the  beetle  Coccinella 
by  Radl  (189),  in  ants  by  Santschi  (194);  in  bees  by  Wolf  (224,  225), 
and  in  a  considerable  number  of  other  insects  by  Buddenbrock  (22,  23, 
26,  27),  Niemczyk  (177),  Fraenkel  (68),  Willrich  (222),  Schulz  (199),  and 
Buddenbrock  and  Schulz  (29). 

Loeb  (126),  Bohn  (20),  Garrey  (75),  and  many  others  hold  that  photic 
orientation  in  insects  is  the  result  of  quantitative  difference  in  the  activity 
of  the  locomotor  appendages  on  opposite  sides,  that  this  difference  in 
activity,  e.g.,  length  of  steps,  is  due  to  difference  in  the  tonus  of  the 
muscles  in  the  appendages  on  opposite  sides,  that  the  difference  in  tonus 
is  directly  proportional  to  the  difference  in  the  amount  of  light  received 
by  the  eyes  on  opposite  sides,  in  accord  with  the  Bunsen-Roscoe  law,  that 
light  acts  continuously,  not  intermittently,  that  after  orientation  the 
two  eyes  receive  the  same  amount  of  light,  and  that  this  results  in  equal 
muscle  tonus  and  equal  activity  in  the  locomotor  appendages  on  opposite 
sides. 

These  conceptions  concerning  orientation  do  not  account  for  many  of 
the  facts  presented  above,  for  example :  (a)  orientation  in  insects  with  one 
eye  covered;  (h)  orientation  in  insects  with  legs  on  one  side  removed;  (c) 
turning  upward  or  downward  toward  the  light,  while  the  two  eyes  are 
continuously  equally  illuminated;  (d)  turning  toward  the  side  on  which 
the  legs  are  more  extended;  (e)  orientation  in  a  field  of  light  consisting  of 
two  beams  unequal  in  intensity  crossing  at  right  angles,  in  which  the  two 
eyes  do  not  receive  equal  quantities  of  light  after  the  insect  is  oriented; 
(/)  shock-reactions  in  one-eyed  insects;  (g)  decrease  in  deflection  in  circus 
movement,  with  increase  in  light  intensity;  (h)  orientation  in  insects 
which  tend  to  maintain  an  axial  direction  such  that  the  images  in  the 
eyes  remain  constant  in  position;  (i)  orientation  of  the  male  firefly  in 
response  to  a  flash  of  light  produced  by  the  female. 
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On  the  basis  of  these  facts  and  others,  Mast  (147,  148,  149)  came  to 
the  following  conclusions:  Orientation  in  insects  is  the  result  of  reflexes 
specifically  related  to  the  location  of  the  stimulus  in  the  eyes.  Stimula- 
tion of  different  regions  in  either  eye  induces  different  series  of  reflexes  in 
which  all  the  legs  are  involved.  If  both  eyes  are  simultaneously  stimu- 
lated, the  effect  produced  in  one  is  modified  or  neutralized  by  that 
produced  in  the  other.  If  the  stimuli  in  the  two  eyes  are  the  same  in 
location  and  magnitude,  light  has  no  immediate  observable  effect.  If 
they  are  the  same  in  location  but  different  in  magnitude,  the  insect  turns 
toward  the  stronger.  If  they  are  the  same  in  magnitude  and  different  in 
location,  the  insect  turns  toward  the  one  which  is  farther  back.^"  After 
the  insect  is  oriented  in  a  field  of  light,  no  matter  how  complex,  orienting 
stimulation  ceases.  It  is  not  held  on  this  course  by  continuous  action 
of  the  light.  It  tends  to  continue  in  the  direction  assumed,  owing  to 
internal  factors.  But  if  for  any  reason  it  deviates  from  the  course,  it  is 
stimulated  and  turns  back  as  described  above.  According  to  these 
conclusions  the  location  of  the  stimuli  in  the  eyes  is  quite  as  important  in 
the  process  of  orientation  as  the  relative  amount  of  light  received  by 
each  of  them. 

Clark  (35)  maintains  that  the  conclusions  presented  are  in  accord 
with  all  the  facts  in  hand  concerning  photic  orientation  in  insects  except 
three:  (a)  increase  in  stimulating  efficiency  wdth  increase  in  the  size  of 
the  source  of  light;  (6)  decrease  in  the  angle  of  deflection  in  one-eyed 
insects,  with  increase  in  time  in  light,  and  (c)  decrease  in  this  angle  with 
increase  in  the  intensity  of  light  in  low  illumination. 

To  account  for  these  he  adds  to  the  conclusions  the  follow^ing  assump- 
tions: (a)  The  "  all-or-none "  principle  obtains  in  the  stimulation  of  the 
ommatidia.  (6)  Variation  in  the  threshold  of  the  ommatidia  in  any 
given  region  is  in  accord  with  the  normal  distribution  curve,  (c)  The 
threshold  of  the  ommatidia  varies  directly  with  light  adaptation,  {d) 
The  magnitude  of  the  response  varies  directly  with  the  number  of  omma- 
tidia stimulated. 

QUANTITATIVE    RELATION   BETWEEN    STIMULUS    AND    RESPONSE 

It  is  well  known  that  the  activity  of  many  insects  varies  with  the 
intensity  of  the  light  to  which  they  are  exposed.  The  butterfly  Vanessa 
antiopa,  for  example,  is  usually  much  more  active  in  diffuse  sunlight 
than  it  is  in  direct  sunlight  or  in  darkness  (Parker,  182;  DoUey,  49),  and 
blowfly  larvae  are  under  certain  conditions  much  more  active  in  strong 
than  in  weak  light.  If,  for  example,  the  light  intensity  is  suddenly 
increased  they  usually  raise  the  anterior  end  and  swing  it  violently  from 

=*"  These  statements  refer  to  insects  which  are  photopositive.     If  they  are  photo- 
negative,  the  opposite  obtains. 
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side  to  side  and  then  crawl  much  more  rapidly  than  they  did  in  the  lower 
intensity  (Mast,  140). 

Various  attempts  have  been  made  precisely  to  ascertain  the  relation 
between  luminous  intensity  and  activity  in  insects.  These  attempts 
concern  the  rate  of  deflection  toward  one  side  with  the  two  eyes  unequally 
illuminated,  and  the  rate  of  locomotion  with  the  two  eyes  equally 
illuminated. 

a.  Rate  of  Deflection  with  the  Two  Eyes  Unequally  Illuminated. — Dolley 
(49)  found  in  observations  on  Vanessa  with  one  eye  covered  that  in 
vertical  illumination  on  a  black  background,  the  rate  of  deflection  varies 
inversely  with  luminous  intensity  if  the  source  of  light  is  small,  and 
directly  if  it  is  large  and  if  there  is  much  reflection  from  the  background. 
The  direct  relation  has  been  observed  in  a  number  of  other  insects. 
Garrey  (75)  says,  e.g.,  that  the  robber  fly  on  a  glass  cylinder  surrounded 
by  a  much  larger  one  of  white  mat  paper  illuminated  from  above,  takes  a 
spiral  course  as  it  proceeds  toward  the  light  and  that  "the  brighter  the 
light,  the  greater  the  number  of  spiral  circuits  required  to  make  the 
ascent";  and  Minnich  (170)  obtained  similar  results  in  observations  on 
the  honey  bee.  But  they  present  no  details  concerning  this  relation. 
Clark  (35),  however,  in  observations  on  Dineutes,  found  that  the  rate  of 
deflection  does  not  increase  uniformly  as  the  intensity  increases.  He 
says  that  as  the  intensity  increases,  the  rate  of  deflection  increases  to  a 
maximum  and  then  remains  constant,  and  that  on  a  black  background 
the  rate  of  increase  is  much  more  rapid  than  on  a  white  background 
and  the  maximum  not  so  high.  He  concludes  that  the  rate  of  deflection 
depends  upon  the  state  of  adaptation  as  well  as  upon  the  amount  of 
reflection  from  the  background  and  the  size  of  the  source  of  light. 

Mast  (140)  maintains  that  if  opposite  sides  of  fly  larvae  are  unequally 
illuminated,  the  degree  of  deflection  from  the  more  highly  illuminated 
side  varies  directly  with  the  difference  in  the  intensity  of  illumination 
of  the  two  sides.     Patten  (183)  confirms  this. 

Mast  (148),  in  observations  on  Eristalis  tenax  in  a  field  of  light  con- 
sisting of  two  horizontal  beams  which  crossed  at  right  angles,  measured 
the  angle  of  deflection  from  the  median  in  relation  to  the  relative  intensity 
of  the  beams.  The  results  obtained  show  that  in  reference  to  the  effect 
on  deflection,  the  rhabdomes  in  the  posterior  portion  of  the  eye  are  much 
more  sensitive  than  those  in  the  anterior  portion,  but  they  have  little  or 
no  bearing  on  the  quantitative  relation  between  stimulus  and  response. 

Yagi  (232)  on  the  basis  of  results  obtained  in  the  walking  stick 
Dixippus,  concludes  that  "photic  excitation  is  proportional  to  the 
logarithm  of  the  intensity."  This  insect,  on  a  vertical  wall,  assumes,  in 
response  to  gravity,  a  vertical  axial  position.  Yagi  measured  the  angle  of 
deflection  from  the  vertical,  in  response  to  lateral  illumination  of  different 
intensities.     He  maintains  that  this  angle  varies  directly  with  the  inten- 
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sity  and  reached  the  conclusion  presented  above.  This  conclusion  rests 
upon  the  assumptions  that  the  magnitude  of  the  response  to  gravity  is 
independent  of  the  axial  position  of  the  insect  and  that  there  is  no  differ- 
ence in  the  sensitivity  of  the  rhabdomes  in  different  portions  of  the  eye. 
There  is,  however,  no  evidence  in  support  of  either  of  these  assumptions. 
The  action  of  gravity  on  orientation  doubtless  varies  from  maximum 
when  the  insect  faces  downward,  to  zero  when  it  faces  upward,  and  the 
effect  on  deflection  of  light  of  a  given  intensity  probably  varies  from 
maximum  w^hen  it  is  received  by  the  rhabdomes  at  the  posterior  edge  of 
the  eye,  to  zero  when  it  is  received  by  those  in  the  center  of  the  anterior 
portion  of  the  eye.  The  validity  of  the  conclusion  is  therefore  highly 
questionable. 

h.  Rate  of  Locomotion  with  the  Two  Eyes  Equally  Illuminated. — Loeb 
(126,  127)  maintains  that  the  light  received  by  the  eyes  controls  the 
tonus  of  the  muscles  in  the  locomotor  appendages  of  animals  including 
insects,  and  that  their  activity  is  correlated  with  the  muscle  tonus  in  such 
a  way  that  it  varies  directly  with  the  intensity  of  the  light  in  accord  with 
the  Bunsen-Roscoe  law.  But  the  evidence  in  support  of  this  contention 
is  far  from  convincing. 

Mast  (140)  maintains  that  in  fly  larvae  with  both  sides  equally  illum- 
inated the  rate  of  locomotion  over  a  distance  of  10  cm.  is  a  little  higher  in 
strong  than  it  is  in  weak  light.  Herms  (97)  obtained  similar  results. 
These  observations,  as  well  as  those  cited  above,  indicate  that  the  activity 
in  fly  larvae  varies  directly  with  luminous  intensity.  But  in  spite  of  the 
quantitative  measurements  made  by  all  the  investigators,  it  is  (because  of 
continuous  changes  in  the  intensity  of  the  illumination  of  the  photo- 
receptors in  the  larvae,  brought  about  by  alternate  extension  and  retrac- 
tion and  swinging  from  side  to  side  of  the  anterior  end  as  they  crawl) 
impossible  to  give  anything  definite  concerning  the  quantitative  relation 
between  the  stimulus  and  the  response. 

Dolley  (50)  concludes  that  the  rate  of  locomotion  in  Vanessa  with 
both  eyes  equally  illuminated  in  a  horizontal  beam  of  constant  light  is 
practically  independent  of  the  intensity  of  the  light,  and  Minnich  (170) 
reaches  the  same  conclusion  in  regard  to  the  honey  bee.  Moore  and 
Cole  (173)  and  Cole  (40)  conclude,  however,  that  in  the  Japanese  beetle, 
Papillia  japonica  and  the  fruit  fly  Drosophila  melanogaster,  "the  rate  of 
response  of  the  organism  is  proportional  to  the  logarithm  of  the  intensity 
of  the  stimulus." 

Moore  and  Cole  made  their  observations  as  follows:  A  considerable 
number  of  specimens  were  put  into  a  tall  vessel  directly  under  a  lamp. 
After  they  had  aggregated  at  the  top,  the  vessel  was  inverted  and  the 
time  required  for  half  of  them  to  reach  the  top  was  measured.  Then 
the  vessel  was  again  inverted,  etc.  The  time  recorded  consequently 
includes  the  time  required  to  orient  and  to  get  under  way  as  well  as  the 
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time  required  to  travel  from  the  bottom  to  the  top  of  the  vessel.  More- 
over, there  were,  owing  to  the  inversion  of  the  vessel,  radical  changes  in 
the  locations  of  the  stimuli  in  the  eyes  and  in  the  intensity  of  the  illu- 
mination of  the  photosensitive  elements,  and  the  observed  results  only 
very  roughly  approximated  the  calculated  values.  It  is  therefore 
obvious  that  the  conclusions  reached  by  Moore  and  Cole  are  not  well 
founded. 

Welsh  (215)  maintains  that  as  the  light  increases  from  a  low  intensity 
(0.185  foot-candle)  the  rate  of  locomotion  in  the  water  mite  Unionicola,^ 
increases  rapidly  to  a  maximum  at  about  70  foot-candles  and  then  remains 
practically  constant  and  that  the  increase  in  the  rate  is  the  result  of 
increase  in  both  the  frequency  and  the  length  of  the  steps.  He  concludes : 
"The  change  in  length  of  stride  is  due  to  tonus  changes  in  the  leg  muscles; 
this  is  due  to  the  tonic  effect  of  light,  and  is  directly  proportional  to  the 
logarithm  of  the  light  intensity."  But  why  he  considers  the  change  in 
the  length  of  the  steps  due  to  change  in  tonus  rather  than  to  change  in  the 
magnitude  of  contraction  of  the  muscles,  is  not  clear.  The  mites  were 
fully  dark-adapted,  and  then  light-adapted  for  2  to  3  min.  before  each 
test.  They  were  therefore  more  nearly  completely  light-adapted  in  the 
tests  made  in  the  lower  than  in  those  made  in  the  higher  intensities. 
This  doubtless  accounts,  at  least  in  part,  for  the  difference  in  rate  of 
locomotion  observed.  Moreover,  there  was  considerable  change  of 
light  intensity  during  each  test. 

Clark  (33)  in  observations  on  the  whirligig  beetle,  Dineutes,  avoided 
changes  of  intensity  during  the  tests,  and  he  ascertained  the  effect  of 
adaptation  as  well  as  the  effect  of  light  intensity  on  rate  of  locomotion. 
He  reached  the  following  conclusions:  In  fully  dark-adapted  specimens 
the  rate  of  locomotion  in  light  of  4000  meter-candles  is  at  first  relatively 
high;  then,  as  the  time  of  exposure  increases,  it  gradually  decreases  to  a 
minimum,  after  which  it  remains  constant.  In  light  of  8000  meter- 
candles  it  is  at  first  relatively  low;  then  it  gradually  increases  to  a  maxi- 
mum (which  is  the  same  as  the  preceding  minimum),  after  which  it 
remains  constant. 

In  specimens  which  are  fully  adapted  to  the  light  in  which  they  are 
exposed,  the  rate  of  locomotion  increases  (with  increase  of  intensity)  to  a 
maximum  at  0.5  meter-candle,  then  remains  constant  until  8000  meter- 
candles  is  reached,  and  then  decreases.  The  condition  of  adaptation  of 
the  eyes  is  consequently  a  very  important  factor  in  the  relation  between 
the  rate  of  locomotion  in  insects  and  luminous  intensity. 

As  a  whole,  the  evidence  in  hand  does  not  warrant  any  precise  con- 
clusions, concerning  the  quantitative  relation  between  the  stimulus  and 
response  to  light  in  insects,  but  it  shows  that  to  ascertain  this  relation 

^  Unionicola  is  an  arachnid,  not  an  insect.  I  include  it  because  its  responses  to 
light  are  similar  to  those  of  many  insects. 
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with  a  degree  of  precision  worth  while  it  is  necessary  rigidly  to  control 
adaptation  and  the  localization  of  the  stimulus  in  the  eye. 

Hartline  (78)  did  this  in  observations  on  the  action  current  in  the 
bumble  bee  Bombus  and  the  grasshopper  Melanoplus.  He  found  that 
the  initial  action  current  (millivolts)  in  dark-adapted  eyes  is  directly 
proportional  to  the  time  of  exposure  if  the  intensity  is  constant,  and  to  the 
logarithm  of  the  intensity  if  the  time  of  exposure  is  constant,  but  that 
this  obtains  only  over  limited  ranges  of  intensity.  This  method  yields 
very  consistent  and  valuable  results,  but  it  is  obvious  that  these  results 
do  not  directly  express  the  quantitative  relation  between  the  stimulus 
and  the  motor  response. 

THE    NATURE    OF   THE    STIMULUS 

It  is  very  generally  held  that  light  causes,  directly  or  indirectly, 
chemical  changes  in  the  eyes  of  insects  and  that  these  changes  result 
in  the  production  of  impulses  which  pass  to  the  muscles  and  induce  the 
responses. 

Loeb  (127),  Garrey  (75),  et  al.  contend  that  the  light  acts  continu- 
ously, that  the  chemical  changes  in  the  eyes  are  directly  proportional  to 
the  amount  of  light  received  in  accord  with  the  Bunsen-Roscoe  law,  and 
that  the  magnitude  of  the  response  is  directly  proportional  to  the  photo- 
chemical changes,  as  in  Hammond's  mechanical  dog,  which  is  motivated 
and  directed  by  the  action  of  light  in  selenium  cells  symmetrically 
situated  on  opposite  sides. 

If  these  contentions  are  valid,  intermittent  light  should  have  the 
same  stimulating  efficiency  as  continuous  light.  It  has  been  demon- 
strated that  if  the  frequency  of  intermittent  light  is  high  this  obtains  in 
blowfly  larvae  (Patten,  183),  in  the  tachina  fly  (Archytas),  the  butterfly 
(Vanessa),  and  the  drone  fly  (Eristalis)  (DoUey,  50,  51,  52),  in  dragon-fly 
larvae  (Sjilzle,  192),  and  in  the  honey  bee  (Wolf,  229). 

This  is,  however,  to  be  expected,  for  just  as  it  is  impossible  to  dis- 
tinguish between  a  straight  line  and  the  arc  of  a  circle,  if  the  circle  is 
sufficiently  large,  it  is  impossible  to  distinguish  between  continuous  and 
intermittent  light,  if  the  frequency  is  sufficiently  high.  The  relation  in 
question  is,  therefore,  of  importance  only  when  it  is  specifically  correlated 
with  the  frequency  (Mast,  148). 

Mast  and  Dolley  (157),  in  observations  on  Eristalis,  ascertained  the 
critical  frequency  for  different  intensities,  that  is,  the  lowest  frequency 
in  intermittent  light,  which  is  for  this  insect  indistinguishable  from 
continuous  light  of  the  same  intensity.  It  was  found  that  this  frequency 
varies  directly  with  the  intensity.  Salzle  (192)  and  Wolf  (227  to  229)  in 
observations  on  dragon-fly  larvae  and  the  honey  bee,  ascertained  this 
frequency  over  a  much  wider  range  of  intensities  and  came  to  the  same 
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conclusion.     They  maintain,  moreover,  that  this  frequency  is  "a  sigmoid 
function  of  the  logarithm  of  the  intensity." 

Dolley  (50,  51,  52),  Mast  (148),  and  Mast  and  Dolley  (157,  158),  in 
observations  on  several  different  insects,  discovered  that  as  the  frequency 
decreases  from  the  critical  frequency,  the  stimulating  efficiency  increases, 
and  that  the  stimulating  effect  of  a  given  quantity  of  intermittent  light  at 
optimum  frequency  is,  under  some  conditions,  more  than  16  times  as 
great  as  that  of  the  same  quantity  of  continuous  light.  They  maintain 
that  the  optimum  frequency  and  the  stimulating  efficiency  at  this  fre- 
quency vary  directly  with  the  intensity,  and  that  stimulating  efficiency 
at  optimum  frequency  is  practically  independent  of  the  ratio  between  the 
length  of  the  light  and  the  dark  periods,  if  this  ratio  is  <  1,  i.e.,  if  the  dark 
period  is  longer  than  the  light  period,  but  that  it  varies  inversely  with 
this  ratio  if  it  is  >1.  They  conclude  that  "the  light  receptors  in  the 
eye  of  an  insect  are  not  continuously  stimulated  when  they  are  continu- 
ously illuminated;  that  there  are  periods  during  which  the  light  acts, 
followed  by  periods  during  which  it  does  not  act;  sensitive  periods 
followed  by  non-sensitive  (refractory)  periods;  periods  in  which  light 
induces,  in  the  receptors,  photochemical  changes  in  one  direction  followed 
by  periods  in  which  the  reverse  (restitution)  occurs;  so  that,  when  in 
intermittent  illumination,  the  light  and  the  dark  periods  harmonize 
with  the  sensitive  and  the  refractory  periods,  respectively,  all  of  the  light 
received  is  used  in  stimulation,  while  in  continuous  illumination  that 
received  during  the  refractory  period  is  not  used."  They  hold  that 
light  induces,  in  the  photoreceptors,  the  formation  of  certain  substances 
which,  as  soon  as  a  given  amount  has  accumulated,  produces  an  impulse, 
that  the  substances  produced  are  then  in  some  way  converted,  so  as  to 
restore  the  system  to  the  original  condition,  after  which  the  light  acts 
again,  etc. 

If  a  dark-adapted  eye  (insect,  crab,  eel)  is  suddenly  illuminated, 
the  action  current  in  the  optic  nerve  increases  rapidly  to  a  maximum  and 
then  decreases  rapidly,  after  which  it  decreases  slowly  or  remains  nearly 
constant  for  some  time.  The  duration  of  the  increase  in  the  action 
current  varies  inversely  with  the  intensity  of  the  light,  but  it  is  at  best 
only  a  small  fraction  of  a  second.  There  is  no  indication  of  regular 
periodicity  in  continuous  illumination  (Adrian,  2;  Hartline,  78,  80; 
Prosser,  188). 

These  results  indicate  that  the  difference  between  the  stimulating 
efficiency  of  continuous  and  intermittent  light  described  above  is  corre- 
lated with  spurts  of  increase  in  impulses  after  the  flashes  in  the  intermit- 
tent light  rather  than  with  periodicity  in  sensitiveness  in  the  continuous 
light;  and  that  the  decrease  in  stimulating  efficiency  with  increase  in 
flash-frequency,  is  due  to  the  decrease  in  the  time  for  restitution  during 
the  dark  periods. 
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Hartline  and  Graham  (80)  demonstrated,  however,  that  in  single- 
nerve  elements  the  impulses  are  periodic  in  continuous  illumination. 
They  demonstrated  that  immediately  after  the  receptor  is  illuminated 
the  frequency  of  impulses  increases,  that  this  is  followed  by  a  relatively 
long  period  without  impulses,  after  which  the  frequency  is  much  lower 
but  fairly  regular,  and  that  the  frequency  varies  directly  with  the  inten- 
sity of  the  illumination.  The  absence  of  regular  periodicity  in  the  optic 
nerve  as  a  whole,  is,  therefore,  doubtless  due  to  fusion  of  the  effect  of 
the  action  currents  in  the  individual  fibers  composing  it.  There  probably 
are  then,  in  the  nerve  elements,  sensitive  periods  followed  by  refractory 
periods;  periods  in  which  light  induces,  in  the  receptors,  photochemical 
changes  in  one  direction  followed  by  periods  in  which  the  reverse  (restitu- 
tion) occurs.  But  it  is  difficult  to  understand  how  a  system  which  has 
been  altered  by  the  action  of  light,  can  be  restored  without  any  change  in 
illumination. 

ADAPTATION    TO    LIGHT    AND    TO    DARKNESS 

It  has  been  observed  by  various  investigators  that  the  sensitivity 
of  insects  to  light  depends  upon  the  degree  of  adaptation.  Dolley  (53) 
attempted  to  ascertain  this  relation  quantitatively  for  Eristalis  teyiax  by 
subjecting  for  different  periods  of  time  one  eye  to  darkness  and  the  other 
to  light  of  a  given  intensity,  and  then  noting  the  degree  of  deflection  from 
the  median  diagonal  in  a  field  of  light  consisting  of  two  equal  beams 
crossing  at  right  angles.  He  concludes  that  as  the  time  in  darkness 
increases,  the  sensitiveness  increases  rapidly  to  a  maximum  at  about 
60  min.,  then  remains  nearly  constant  for  about  2  hr.,  after  which  it 
decreases  rapidly  again,  and  that  after  the  eye  has  been  in  darkness 
4  hr.  it  is  less  sensitive  than  the  light-adapted  eye. 

These  conclusions  are,  however,  equivocal,  owing  to  the  fact  that 
in  the  test  concerning  the  relative  sensitiveness  of  the  two  eyes,  after 
unequal  adaptation,  the  images  in  the  eyes  were  not  fixed,  so  that  there 
probably  were  marked  changes  in  the  intensity  of  the  light  received  by 
the  illuminated  rhabdomes.  These  experiments  should  therefore  be 
repeated  and  extended  under  more  rigidly  controlled  conditions. 

Hartline  (79)  obviated  this  difficulty,  but  his  observations  were  made 
on  the  horseshoe  crab,  Limulus.  He  fixed  the  eye  in  relation  to  the  source 
of  light  and  measured  the  action  current  produced  by  a  given  amount  of 
light  on  a  given  region  of  the  retina  after  it  had  been  in  darkness  for 
various  periods  of  time.  He  maintains  that  as  the  time  in  darkness 
increases  from  zero,  the  action  current  increases  rapidly  at  first  and  then 
more  slowly  and  that  it  becomes  constant  after  about  30  min.  in  darkness. 
If  the  action  current,  in  millivolts,  is  plotted  against  the  time  in  darkness, 
the  results  lie  with  remarkable  accuracy  on  the  theoretical  curve, 
kt  =  [l/{Eoo   —  E)\  -\-  C.     He  observed  no  decrease  in  sensitivity  of  the 
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eye  of  Limulus  comparable  to  that  observed  by  Dolley  in  Eristalis  after 
it  had  been  in  darkness  for  several  hours,  but  this  may  have  been  due  to 
insufficient  time  in  darkness  to  induce  the  decrease  in  Limulus. 

MODIFICATION    IN    RESPONSE    TO    LIGHT 

Bees  which  are  normally  strongly  photopositive  can  readily  be  trained 
to  go  into  totally  dark  places  for  food;  they  can  be  trained  to  go  into  or 
out  of  either  dark  or  highly  illuminated  hives,  through  long  tortuous  dark 
passages,  for  example,  an  ordinary  black  garden  hose  10  meters  long, 
with  numerous  sharp  curves  in  it;  and  they  can  be  trained  to  select, 
regardless  of  brilliance,  any  one  among  a  number  of  different  colors  or 
patterns  associated  with  food  or  with  their  hives  (Lubbock,  129;  Frisch, 
74;  Bertholf,  14;  Baumgartner,  11;  Opfinger,  181;  Zerrahn,  235). 

VISION 

The  behavior  of  many  insects  in  the  open  clearly  indicates  that  they 
distinguish  between  objects  at  a  distance.  This  is  especially  true  of 
robber  flies  and  dragon  flies  in  capturing  prey;  of  the  pupae  of  the  17-year 
locust  in  selecting  objects  to  ascend  for  the  purpose  of  molting,  and  of 
bees  and  butterflies  in  selecting  flowers  for  the  purpose  of  procuring  food. 
These  phenomena  may  be  due  to  difference  in  the  brightness,  difference 
in  the  form  or  difference  in  the  color  of  the  objects  distinguished. 

a.  Brightness  Vision. — Frisch  (74)  and  Kiihn  (118)  in  observations 
on  bees  with  the  training  methods,  obtained  results  which  indicate  that 
only  great  differences  in  brightness  are  distinguished;  but  Hess  (103) 
on  the  basis  of  results  obtained  in  observations  on  the  positive  response  to 
light  of  different  intensities,  concluded  that  the  ability  to  distinguish 
brightness  is  very  nearly  as  acute  in  bees  as  it  is  in  man.  Bertholf 
(16)  with  a  method  somewhat  similar  to  that  used  by  Hess  obtained 
results  which  indicate  that  bees  clearly  distinguish  between  two  surfaces 
which  differ  in  brightness  by  30  per  cent,  whereas  human  beings  clearly 
distinguish  between  the  same  surfaces  when  they  differ  in  brightness  by 
only  10  per  cent.  He  concludes  brightness  vision  is  markedly  less 
acute  in  bees  than  it  is  in  man. 

6.  Form  Vision. — Frisch  (74),  Baumgartner  (11),  Hertz  (100  to  102), 
Opfinger  (181),  Friedlaender  (72),  and  Zerrahn  (235)  conclude  on  the 
basis  of  results  obtained  in  training  experiments,  that  bees  can  distinguish 
figures  which  differ  only  in  form,  but  that  their  ability  to  discriminate 
form  is  rather  crude.  They  maintain,  for  example,  that  bees  cannot 
distinguish  between  circular,  elliptical,  triangular,  and  square  figures  of 
the  same  size.  Baumgartner  concludes  that  bees  have  no  true  sense  of 
form  comparable  to  that  in  man.  Verlaine  (205,  206)  asserts,  however, 
that  wasps  are  far  more  accomplished  than  bees  in  that  they  readily 
distinguish  between  circles,  triangles,  and  squares. 
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c.  Color  Vision. — Lubbock  (129)  clearly  demonstrated  that  ants  are 
sensitive  to  ultra-violet.  This  has  by  various  methods  been  confirmed 
for  a  considerable  number  of  different  insects  (Hess,  104;  Kiihn  and 
Pohl,  122;  Lutz  and  Richtmyer,  136;  Lutz,  134,  135;  Kuhn,  119).  The 
results  obtained  by  these  investigators  are,  however,  qualitative.  Bert- 
holf  (16,  17)  ascertained  quantitatively  the  distribution  of  stimulating 
efficiency  in  the  spectrum  for  the  honey  bee  and  for  the  fruit  fly,  Dro- 
sophila.  He  presented  to  the  insects  two  translucent  glass  plates  of  the 
same  size,  one  illuminated  with  white  and  the  other  with  monochromatic 
light  produced  by  means  of  a  quartz  prism,  and  then  changed  the  inten- 
sity of  the  white  light  until  its  effect  on  their  photopositive  response  was 
equal  to  that  of  the  monochromatic  light  in  different  regions  of  the 
spectrum.     He  came  to  the  following  conclusions: 

As  the  wave-length  decreases,  the  stimulating  efficiency  for  the  honey 

o 

bee  increases  from  zero  at  about  wave-length  6450  A  to  a  maximum  of 
100  arbitrary  units  at  5550  A,  then  decreases  to  10  at  4350  A,  after  which 
it  rapidly  increases  to  a  second  maximum  of  450  at  3650  A  and  then 
rapidly  decreases  to  zero  at  about  2800  A.  The  distribution  of  stimulat- 
ing efficiency  for  the  honey  bee  is,  in  the  visible  spectrum,  nearly  the 
same  as  it  is  for  man,  but  in  the  ultra-violet  the  maximum  is  41-2  times  as 
high  as  the  maximum  in  the  visible  spectrum,  whereas  it  is  zero  for  man. 
The  distribution  of  stimulating  efficiency  for  Drosophila  is  essentially 
the  same  as  it  is  for  the  honey  bee,  except  that  the  limits  of  the  spectrum 
and  the  maximum  in  the  visible  are  shifted  considerably  toward  the 
ultra-violet  and  the  maximum  in  the  ultra-violet  is  more  than  5^^,  in 
place  of  43^,  times  as  high  as  the  maximum  in  the  visible  spectrum. 

Sander  (193),  in  observations  on  the  honey  bee  obtained  results  which 
differ  greatly  from  those  obtained  by  Bertholf .  He  agrees  with  Bertholf 
in  the  contention  that  there  are  two  maxima;  but  he  holds  that  the  one  is 
at  5700  A  in  place  of  at  5550  A,  and  the  other  at  4700  A  (blue),  in  place 
of  at  3650  A  (ultra-violet),  and  that  the  efficiency  at  the  former  is  slightly 
greater  than  at  the  latter,  in  place  of  only  one-fourth  as  great.  He  con- 
sequently does  not  agree  with  Bertholf  in  the  contention  that  the  stimu- 
lating efficiency  of  ultra-violet  is  comparatively  very  high.  Bertholf's 
contention  is,  however,  strongly  supported  by  results  obtained  by  Lutz 
(134,  135). 

Sander's  methods  were  similar  to  those  used  by  Bertholf,  except  that 
he  ascertained  the  frequency  of  selection  of  each  of  a  number  of  lights 
which  differed  in  wave-length  but  were  equal  in  energy;  while  Bertholf 
ascertained  the  intensity  of  white  light  that  resulted  in  the  same  fre- 
quency of  selection  as  each  of  a  series  of  monochromatic  lights  obtained 
from  different  regions  of  the  prismatic  spectrum,  i.e.,  lights  which  differed 
both  in  wave-length  and  in  energy.  Sander  maintains  that  the  relation 
between  stimulating  efficiency  and  energy  varies  with  wave-length,  and 
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that  Bertholf's  method  is  consequently  inadequate.  It  may  also  be  said 
that  the  difference  in  the  stimulating  efficiency  of  two  lights  is  not  propor- 
tional to  the  frequency  of  selection  and  that  Sander's  method  is  conse- 
quently also  inadequate.  The  experiments  should  be  repeated  with 
Bertholf's  method,  but  with  several  series  of  monochromatic  lights  equal 
in  energy  in  each  series  but  different  in  different  series. 

Hess  (103,  104)  maintains  that  bees  and  other  insects  distinguish 
different  regions  in  the  spectrum,  owing  to  difference  in  brightness  or 
brilliance,  i.e.,  that  insects  do  not  have  color  vision.  Lubbock  (129), 
Frisch  (74),  Kuhn  and  Pohl  (122),  Kuhn  (119),  Kiihn  and  Fraenkel  (121), 
and  Bertholf  (14)  conclude  that  bees  can  distinguish  between  colors  or 
chromas  which  are  for  them  equal  in  brightness  or  brilliance.  Frisch 
contends  that  only  two  chromas  are  distinguished  by  bees,  blue-violet 
and  green-yellow-red.  Kiihn  and  Pohl  maintain  that  four  chromas  are 
distinguished,  yellow-green,  blue-green,  blue-violet  and  ultra-violet. 
Kiihn  and  Fraenkel  conclude  that  bees  can  distinguish  eight  chromas. 
Bertholf  maintains  that  they  can  distinguish  between  the  following  pairs 
of  chromas  when  they  are  equal  in  brilliance:  blue  and  violet,  blue  and 
green,  blue  and  yellow,  blue  and  red,  green  and  red,  green  and  yellow. 

The  training  method  was  used  by  all  these  investigators  and  the 
results  obtained  by  all  clearly  show  that  the  bees  distinguished  between 
the  colors  used,  but  in  some  of  the  experiments  the  possibihty  of  selection 
on  the  basis  of  differences  in  brightness  and  in  other  characteristics  was 
not  excluded,  especially  brightness  due  to  reflection  and  radiation  of  ultra- 
violet (Lutz  134,  135).  Bertholf  appears,  however,  to  have  excluded 
this  possibility.  Color  vision  appears  consequently  to  be  definitely 
established  for  bees.  But  so  far  recognition  of  only  five  to  eight  colors 
has  been  demonstrated  for  them;  whereas  man,  according  to  Nutting 
(180),  can  distinguish  130  to  180.  Color  vision  is  therefore  probably 
much  less  acute  in  bees  than  it  is  in  man. 

d.  Visual  Acuity. — From  results  obtained  with  the  training  method 
Baumgartner  (11),  using  yellow  and  blue  figures,  concludes  that  bees  can 
barely  distinguish  squares  5  mm.  wide  at  a  distance  of  2.5  cm.  and  squares 
10  mm.  wide  at  a  distance  of  10  cm.,  but  he  thinks  much  smaller  spots  on 
flowers  are  recognized.  Results  obtained  by  him  in  a  study  of  the  struc- 
ture of  the  eye  support  these  conclusions  and  indicate  that  visual  acuity 
is  highest  in  the  central,  anterior  portion  of  the  eye  and  decreases  rapidly 
dorsally  and  ventrally  but  only  slightly  posteriorly. 

It  is  well  known  that  movement  of  a  surface  containing  alternate  light 
and  dark  areas  induces  compensatory  movements  in  insects  (Rddl,  189; 
Buddenbrock,  22;  et  at.).  These  movements  are  doubtless  types  of 
reflex  responses  to  rapid  changes  in  luminous  intensity  on  the  retina  of 
the  eye.  Schheper  (196)  made  use  of  this  fact  and  tested  the  response 
of  a  number  of  different  insects  to  movement  of  a  background  containing 
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alternate  stripes  which  varied  in  color  and  in  luminous  intensity,  but  he 
did  not  obtain  very  definite  results. 

Hecht  and  Wolf  (94),  Wolf  (226  to  229),  Clark  (35a),  Wolf  and  Crozier 
(231),  and  Hecht  and  Wald  (93)  perfected  the  method  and  obtained  very 
precise  results  in  observations  on  the  responses  of  bees,  the  fiddler  crab, 
and  the  fruit  fly,  Drosophila,  to  movement  of  a  background  contahiing 
alternate  dark  and  light  stripes  which  differed  in  width,  in  luminous 
intensity  and  in  relative  luminous  intensity.  They  reached  the  follow- 
ing conclusions: 

Under  optimal  conditions,  the  power  to  discriminate  between  surfaces 
which  differ  only  in  luminous  intensity  is  about  20  times  as  great  in  man 
as  it  is  in  the  honey  bee  and  about  150  times  as  great  in  man  as  it  is  in 
Drosophila.  The  visual  acuity  is  about  10  times  as  high  in  man  as  it  is 
in  the  honey  bee  and  about  1000  times  as  high  as  it  is  in  Drosophila. 
Visual  acuity  increases  with  increase  in  luminous  intensity  in  such  a  way 
that  when  it  is  plotted  against  the  logarithm  of  the  intensity,  sigmoid 
curves  are  produced  which  are  practically  the  same  in  form  for  the  three 
species  studied.  It  is  postulated  that  visual  acuity  varies  directly  with 
the  number  of  ommatidia  that  are  stimulated,  that  the  sensitivity  of  the 
ommatidia  varies,  and  that  the  number  stimulated  increases  as  the 
intensity  increases.  This  accounts  for  increase  in  acuity  with  increase 
in  intensity,  but  since  maximum  intensity  discrimination  still  increases 
with  increase  in  intensity,  after  acuity  has  become  constant,  it  does  not 
account  for  this.  It  is  therefore  concluded  that  intensity  discrimination 
is  probably  correlated  with  frequency  of  impulses  in  the  optic  nerves, 
which  is  in  turn  correlated  with  intensity. 
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THE  ACTION  OF  RADIATIONS  ON  LIVING  PROTOPLASM 

L.  V.  Heilbrunn  and  Daniel  Mazia 
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Introduction.  Permeability:  Visible  light — Ultra-violet  rays — Radium — Roentgen 
rays.  Surface  charge.  Protoplasmic  colloids:  Visible  light — Ultra-violet  rays — Roentgen 
rays  and  radium.     Conclusion.     References. 

INTRODUCTION 

It  is  recognized  that  radiation  affects  protoplasm  and  protoplasts, 
but  whether  or  not  this  direct  action  may  explain  the  effects  of  radiation 
on  organisms  is  another  problem.  Generalizations  by  radiologists  have 
appealed  to  protoplasmic  effects  out  of  all  proportion  to  exact  information 
concerning  these.  The  interest  in  an  evaluation  of  our  information, 
therefore,  extends  beyond  that  of  cellular  physiology,  which  in  itself 
must  be  great. 

Our  knowledge  is  admittedly  slight.  The  number  of  radiation 
experiments  which  consider  direct  protoplasmic  effects  even  to  the  extent 
of  examining  the  cells  microscopically  is  small.  The  observations  to  be 
discussed  in  this  paper  were  necessarily  culled  from  outside  the  litera- 
ture of  cellular  physiology,  from  plant  and  animal  physiology,  cytology, 
pathology,  bacteriology,  and  from  clinical  and  experimental  medicine. 
The  task  is  to  impose  upon  these  data  the  point  of  view  and  the  criteria 
of  the  student  of  protoplasm. 

The  change  of  stress  from  the  purely  radiological  to  the  physiological 
implies  in  this  case  a  new  emphasis  upon  the  qualitative.  Quantitative 
experiments  in  the  literature  of  radiation  are  characterized  by  the  use 
of  some  conspicuous  biological  criterion,  with  reference  to  which  the 
results  of  changing  the  physical  variables  such  as  intensity,  frequency, 
and  time  are  compared.  The  criteria  typically  used  are  death,  change 
in  growth  rate,  change  in  division  rate,  abnormal  fertilization,  abnormal 
development,  etc.,  all  complex  phenomena  whose  components  alone 
have  physiological  meaning. 

It  is  premature  to  consider  with  great  exactness  the  relations  of  the 
physical  variables  in  terms  of  diffuse  and  unanalyzed  "biological" 
effects.  The  first  question  is,  what  do  the  rays  do  to  protoplasm — to 
the  cell?  The  mathematical  treatment  of  exact  mortality  curves,  for 
example,  is  not  a  primary  concern  for  us.  The  theories  advanced  in 
terms  of  the  physics  of  the  radiation — especially  the  effects  of  radiations 
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on  gases — are  even  less  relevant.  We  shall  be  concerned  with  the 
physics  of  the  living  cells,  and  the  effects  upon  these  which  radiations 
share  strictly  in  common  with  other  external  influences — a  fact  often 
overlooked  by  the  specialist  in  radiations. 

At  the  present  time  among  radiation  authorities  there  seems  to  be 
scant  appreciation  of  the  fact  that  a  physical  study  of  protoplasm  is  at 
all  possible.  Thus  Rajewsky  (299),  after  pointing  out  that  most  of  the 
radiation  literature  is  concerned  with  end  reactions  and  that  what  is 
needed  is  some  research  on  the  "Grundvorgange,"  goes  on  to  state  that 
with  present  techniques  no  direct  information  concerning  the  primary 
effect  of  radiation  on  plant  and  animal  cells  is  possible.  He  describes, 
therefore,  experiments  on  proteins.  A  similar  point  of  view  is  main- 
tained by  Dyes  (85). 

We  shall  insist  emphatically  that  a  knowledge  of  the  effects  of  radia- 
tions on  proteins  or  other  inanimate  materials  is  of  secondary  importance 
to  the  knowledge  of  the  effects  of  radiations  on  living  protoplasm.  Over 
and  over  again,  direct  study  of  the  colloid  chemistry  of  protoplasm  has 
shown  that  the  living  substance  is  unique  in  its  behavior  toward  physical 
and  chemical  agents  (Heilbrunn,  136).  A  student  of  blood  clotting 
would  scarcely  expect  to  arrive  at  a  solution  of  his  problem  by  studying 
the  colloidal  properties  of  egg  albumen  and  gelatin.  The  behavior  of  the 
blood  is  vastly  different,  we  are  certain,  from  that  of  a  simple  protein,  and 
it  is  complicated  by  the  presence  of  little-known  substances  exceedingly 
potent  in  their  effects  on  coagulation.  We  can  scarcely  hope,  therefore, 
for  success  in  treating  protoplasm,  which  is  at  least  as  complex  as  blood, 
as  though  it  were  a  simple  protein.  We  stress  this  analogy,  for  on  the 
one  hand  protoplasm  in  its  power  of  sudden  gelation  shows  a  colloid- 
chemical  similarity  to  blood  (Heilbrunn,  136),  and  on  the  other  hand,  the 
various  substances  involved  in  blood  clotting  are  all  apparently  present 
in  tissue  cells  (Kraus  and  Fuchs,  200,  201,  Fischer,  100).  Inanimate 
proteins  can,  therefore,  scarcely  provide  a  satisfactory  model  for  the 
living  cell. 

Some  radiologists  have  emphasized  the  fact  that  isolated  cells  are  less 
sensitive  to  roentgen  rays  than  cells  in  mass  (see  Glocker  and  Reuss,  121), 
and  they  insist  that  it  is  unwise  to  consider  experiments  on  isolated  cells. 
As  far  as  we  can  judge,  however,  it  seems  certain  that  the  effects  on 
single  cells  are  essentially  the  same  as  on  cells  in  mass,  although  apparently 
a  larger  dosage  is  necessary  to  affect  them.  One  explanation  for  this 
phenomenon,  or  rather  one  factor  in  the  explanation,  is  the  fact  that 
injured  cells  may  very  well  have  an  indirect  effect  on  cells  in  their  neigh- 
borhood, so  that  when  a  tissue  is  irradiated,  the  more  sensitive  cells 
affect  the  whole  mass.  We  shall  return  to  this  point  later.  But  our 
main  interest  is  in  the  primary  effect  of  radiation  on  the  living  proto- 
plasm and  this  can  be  best  studied  in  isolated  cells. 
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Many  writers  stress  the  fact  that  the  nucleus  is  more  sensitive  to 
radiation  than  the  cytoplasm  (Reiss,  311,  Vintemburger,  376,  Zirkle,  397). 
The  extreme  point  of  view,  to  the  effect  that  only  the  nucleus  is  sensitive 
to  radiation  (Zirkle,  398),  can  certainly  not  be  held,  for  irradiation  of 
cytoplasm  alone  is  effective  (Reiss,  311,  Vintemburger,  376,  Tchahotine, 
356,  probably  also  Feichtinger,  97).  There  are  indeed  some  who  claim 
that  the  cytoplasm  is  more  sensitive  than  the  nucleus  (Wail  and  Frenkel, 
380,  lasswoine,  168,  Jansson,  177,  Rochlin-Gleichgewicht,  317).  The 
argument  need  not  concern  us  further.  Certain  it  is  that  the  cytoplasm 
alone  may  be  profoundly  affected  by  all  types  of  radiation. 

As  yet  there  is  httle  information  regarding  the  effects  of  radiation — or 
of  anything  else — on  the  physical  and  physicochemical  properties  of  the 
nucleus.     We  must,  therefore,  confine  our  discussion  to  the  cytoplasm. 

Neither  the  metabohc  effects  nor  the  purely  cytological  will  be 
considered  here,  for  these  are  discussed  in  other  papers.  The  physical 
and  physicochemical  properties  of  the  cells  for  which  methods  of  study 
have  been  developed  will  be  treated.  These  are  (a)  permeability  to 
water  and  dissolved  substances,  (6)  viscosity,  (c)  electrical  charges  and 
potentials,  {d)  reaction.  In  addition,  the  direct  visible  effects  of  radia- 
tions on  living  protoplasm  will  be  discussed;  the  morphological  aspects 
of  degenerative  changes  must  be  accounted  for  before  cytolysis  is  com- 
pletely explained.  The  paper  embraces  the  following  types  of  radia- 
tions and  particulate  agents  conveniently  classified  with  radiations: 
visible  light,  ultra-violet  rays,  roentgen  rays,  alpha  particles,  beta  and 
gamma  rays,  cathode  rays,  but  not  heat  waves,  Hertzian  waves,  or  cosmic 
rays.  Although  infra-red  radiation  certainly  has  an  effect  on  living 
material  (Hertel,  143,  Vogt,  377,  W.  Hoffmann,  156,  Nelson  and  Brooks, 
244,  etc.),  the  action  on  protoplasm  has  scarcely  been  examined.  Our 
primary  interest  is  in  the  effect  of  radiations  on  plant  and  animal  cells, 
and  tissues  in  mass  are  considered  only  when  information  concerning 
protoplasm  may  be  derived  from  them.  The  literature  on  inanimate 
colloids  is  not  included  here.  Our  treatment  is  not  exhaustive;  we  wish 
chiefly  to  advance  a  point  of  view  that  is  based  on  what  knowledge  there 
is  of  the  physical  and  colloidal  properties  of  protoplasm,  and,  therefore, 
seems  somewhat  more  purposeful  than  the  prevailing  "quantitative" 
point  of  view. 

Many  of  the  papers  we  have  read  have  offered  so  little  to  our  discus- 
sion that  we  do  not  refer  to  them  in  the  text.  Perhaps  half  of  these  we 
have  included  in  the  bibliography  with  the  idea  that  perhaps  the  reader 
who  cares  to  consult  them  may  find  more  than  we  did. 

PERMEABILITY 

The  cell  physiologist  has  always  been  impressed  with  the  importance 
of  knowing  the  permeability  of  the  living  cell,  and  the  changes  in  per- 
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meability  under  one  condition  or  another.  No  aspect  of  cell  physiology- 
has  been  more  frequently  studied.  By  many  authors  increase  or  decrease 
in  permeability  has  been  related  to  the  essential  phenomena  in  the  life 
and  death  of  the  cell. 

Numerous  methods  have  been  employed  to  test  permeability.  These 
include  staining  methods,  osmotic  methods,  chemical  analyses  of  cells 
and  their  surrounding  fluid,  measurements  of  electrical  conductivity,  etc. 
No  one  of  the  methods  is  above  criticism,  although  some  are  to  be  pre- 
ferred to  others.  The  problem  is  somewhat  different  in  plant  cells  which, 
unlike  animal  cells,  are  usually  characterized  by  large  vacuoles.  In 
the  case  of  enormous  cells  like  those  of  Valonia  or  Nitella  the  contents 
of  the  vacuoles  may  be  analyzed  chemically.  These  vacuoles  do  not 
represent  protoplasm,  and  the  entrance  of  substances  into  them  implies 
passage  into  the  protoplasm  and  out  of  it  again. 

In  recent  years  there  has  been  an  increasing  tendency  to  examine 
results  critically,  to  apply  more  certain  methods,  and  to  obtain  quan- 
titative results.  On  the  whole,  chemical  and  osmotic  methods  are  now 
preferred  to  staining  and  electrical  techniques.  The  staining  of  a  cell 
depends  on  more  than  mere  permeability,  and  when  one  observes  increases 
in  the  electrical  resistance  of  a  mass  of  cells,  a  host  of  factors  other  than 
permeability  are  involved.  Modern  authors  have  studied  the  permeabil- 
ity of  the  cell  membrane  to  water  as  well  as  to  dissolved  substances. 
(For  recent  reviews,  see  Jacobs,  172,  Stiles,  349,  Gellhorn,  1929,  Homes, 
164,  Lucke  and  McCutcheon,  244.) 

In  interpreting  permeability  studies  each  experiment  should  be 
considered  critically.  In  view  of  the  fact  that  no  method  is  entirely 
satisfactory,  agreement  between  results  obtained  by  different  methods 
is  greatly  to  be  desired.  In  the  case  of  irradiated  cells  the  fact  that  the 
rays  cause  a  release  of  bound  salts  from  the  protoplasm  (see  below)  is 
likely  to  be  a  complicating  factor. 

VISIBLE    LIGHT 

The  effect  of  visible  light  upon  permeability  has  been  studied  mostly 
by  botanists.  As  early  as  1879  Pringsheim  (297),  focusing  a  powerful 
beam  of  white  light  upon  Spirogyra  filaments,  noted  that  when  the  radia- 
tion caused  a  breakdown  of  chlorophyll  the  cells  became  permeable  to 
aniline  blue,  which  did  not  penetrate  normal  cells.  The  earliest  "quan- 
titative" permeability  method,  the  method  of  isotonic  coefficients,  was 
used  in  the  study  of  the  action  of  light  by  Lepeschkin  (218)  and  Trondle 
(361,  362).  In  such  measurements,  the  difference  between  the  concen- 
tration of  a  penetrating  substance,  such  as  KNO3,  required  to  cause 
plasmolysis  and  the  concentration  of  the  same  substance  isotonic  with  a 
solution  of  a  nonpenetrating  substance  (such  as  sucrose)  which  will 
cause  the  same  degree  of  plasmolysis,  is  taken  as  the  measure  of  the 
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amount  of  salt  that  penetrates.  The  permeabihty  coefficient  n  is  defined 
as  1  —  C/C,  where  C  is  the  plasmolytic  concentration  of  salt  and  C  the 
concentration  physically  isotonic  with  the  plasmolytic  nonelectrolyte. 

Trondle  studied  the  palisade  and  parenchyme  cells  of  the  leaves  of 
Tilia  cordata  and  the  parenchyme  cells  of  Buxus  semper vir ens.  Lepesch- 
kin  used  the  pulvinus  cells  of  Phaseolus,  Spirogyra  filaments,  and  Rheo 
leaf  cells.  In  both  studies  daylight  of  undetermined  intensity  was  the 
source  of  radiation.  Both  authors  found  an  increase  in  permeability 
to  KNO3  with  increased  illumination.  Thus,  in  Tilia,  28  experiments  in 
cloudy  weather  gave  an  average  /x  of  0.24;  in  direct  sunlight  the  average 
of  22  determinations  was  0.32.  With  an  artificial  source  of  light,  a 
32  candle-power  bulb,  the  value  of  n  could  become  even  higher.  Trondle 
does  not  report  exposure  time  intervals,  though  from  later  experiments 
(362)  he  plotted  a  time  curve  showing  that  illuminated  cells  ultimately 
became  less  permeable  than  darkened  cells. 

Lepeschkin's  results  are  similar.  In  cells  of  Phaseolus  kept  in  sunlight 
the  permeability  coefficient  was  1.5  to  2  times  as  great  as  that  of  the 
darkened  controls. 

This  method  of  isotonic  coefficients  has  been  criticized  by  many 
reviewers  (46,  101,  349).  Zycha  (404)  has  sharply  attacked  the  results 
of  Lepeschkin  and  Trondle,  and  with  considerable  justice.  In  his 
experiments  Zycha  used  the  same  material  as  his  predecessors  and 
employed  the  same  method  of  isotonic  coefficients  with  much  regard  to 
exactness  of  technique.  Examining  carefully  the  sources  of  error  in  the 
method,  he  calculates  that  it  can  be  as  high  as  30  per  cent.  His  experi- 
mental results  are  diametrically  opposed  to  those  of  Lepeschkin  and 
Trondle,  but  he  discards  them  as  w^ell  as  the  latter  because  of  the  intrinsic 
uncertainty  of  the  method.  Lepeschkin  (221)  criticizes  Zycha's  use  of 
parallel  slices  of  leaf  for  the  determinations  of  the  plasmolytic  concentra- 
tion of  salt  and  of  sugar,  respectively;  the  variation  among  slices,  he 
claims,  does  not  permit  this.  Zycha  had  insisted  upon  this  procedure 
because  plasmolysis,  occupying  an  hour  or  more,  must  injure  the  cell 
to  such  extent  that  the  second  determination  is  made  with  an  abnormal 
cell.  Both  of  these  claims  may  be  just  and  together  invalidate  the 
method  entirely.  Nadson  and  Rochline-Gleichgewicht  (269)  found  that 
plasmolysis  by  sucrose  causes  a  release  of  Ca  in  cells  of  Elodea  and  Pterygo- 
phyllum  as  evidenced  by  the  formation  of  calcium  oxalate  crystals. 
One  of  us  (Mazia)  was  able  to  verify  this  observation  in  Elodea  cells  and 
found,  further,  that  plasmolysis  by  salt  solutions  could  cause  this  Ca 
release.     These  facts  would  support  Zycha's  view. 

Brauner  (43)  used  a  plasmolytic  method,  with  controlled  illumina- 
tion. An  exposure  of  cells  from  the  coleoptile  of  Avena  to  a  source  of 
50,000  meter-candle  sec.  for  30  min.  oaused  an  increase  of  25  per  cent  in 
the  amount  of  NaNOs  penetrating  in  a  fixed  period  of  time.     After 
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60  min.  illumination  the  permeability  was  75  per  cent  below  that  of  the 
controls,  as  in  the  time  curves  of  Trondle. 

Kisselew  (188)  and  Lvoff  (246)  were  primarily  interested  in  the 
interpretation  of  the  opening  of  stomata  as  an  action  of  light  on  the 
permeability  of  the  guard  cells.  The  former  tested  the  guard  cell 
permeability  to  dyes,  diastase,  saltpeter,  sucrose,  and  by  estimation  of 
the  rate  of  plasmolysis,  to  water.  In  all  of  Kisselew's  measurements, 
the  guard  cells  of  open  stomata  showed  a  reduced  permeability.  Light 
is  the  agent  that  commonly  induces  stomatal  opening.  Lvoff  measured 
isotonic  coefficients  in  the  leaf  cells  of  Runiez,  using  controlled  illumina- 
tion. His  results  contradict  those  of  Kisselew.  He  discovered  that 
illumination  caused  a  60  to  100  per  cent  increase  in  the  permeability 
coefficient  of  the  guard  cells,  and  a  smaller  but  noticeable  increase  in  /x  in 
the  neighboring  cells.  This  author,  and  later  Lepeschkin,  criticize 
Kisselew's  use  of  starch  digestion  as  a  measure  of  the  penetration  of 
KNO3;  but  Kisselew  used  other  methods,  as  noted,  and  particularly  the 
rate  of  plasmolysis,  which  (according  to  this  author)  is  a  sounder  measure 
of  permeability  than  the  isotonic  coefficient  (cf.  Stiles,  349,  page  20), 
although  its  application  is  to  water  penetration. 

A  more  exact  osmotic  method,  the  Hofler  plasmometric  method,  was 
used  by  Hoffmann  (154)  on  Spirogyra  cells.  The  Hofler  method  con- 
sists of  following  the  rate  of  deplasmolysis  or  reversal  of  plasmolysis  when 
cells  are  immersed  in  a  solution  of  a  substance  which  penetrates  slowly. 
Hoffmann  found  that  Spirogyra  cells  in  daylight  showed  60  per  cent 
higher  permeability  to  glycerin  than  those  in  the  dark.  Considering 
possible  errors,  Hoffmann  states  that  the  permeability  increase  in  the 
light  is  at  least  20  to  30  per  cent.  Cells  without  nuclei  behave  in  the 
same  manner  as  normal  cells. 

Although  plasmolytic  methods  such  as  that  of  Hofler  are  very  much 
in  favor  at  the  present  time,  the  results  they  give  are  not  to  be  accepted 
unreservedly.  The  experimental  studies  of  Weber  (388)  indicate  clearly 
that  in  some  cases,  at  least,  the  plasmolytic  method  does  not  provide  a 
measure  of  the  normal  permeability  of  the  cell  but  rather  the  permeability 
as  altered  by  the  plasmolytic  agent.  Here  again  the  release  of  free 
electrolytes  noted  above  may  be  a  factor;  Iljin  (169)  found  that  immer- 
sion of  cells  of  Iris  in  isotonic  salt  solutions,  particularly  Na  salt  solutions, 
caused  an  increase  in  the  osmotic  pressure  of  the  cell  interior  with  respect 
to  the  cell  membrane.  Furthermore,  Weber  (388)  has  presented  evi- 
dence that  plasmolysis  always  implies  a  rupture  of  the  cell  membrane, 
which  reforms  very  rapidly  if  Ca  is  present. 

Various  authors  have  attempted  to  determine  the  influence  of  light 
upon  exosmosis  of  substances.  Lepeschkin  (218)  placed  pulvini  of 
Phaseolus  in  water  for  a  fixed  period  of  time,  some  in  daylight,  some  in 
darkness,  and  then  analyzed  the  water  for  total  solids.     About  1.5  to  2 
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times  as  much  material  (undefined)  had  diffused  from  the  illuminated 
cells  as  from  the  controls,  a  figure  agreeing  well  with  the  results  obtained 
by  the  method  of  isotonic  coefficients. 

Blackman  and  Paine  (28)  did  similar  work  with  pulvini  of  Mimosa, 
determining  by  electrical  conductance  measurements  the  amount  of 
effusing  salt.  Using  a  50-candle  Nernst  lamp  as  a  source  of  illumination, 
they  observed  an  immediate  increase  followed  by  a  dechne  in  the  rate  of 
increase  of  conductivity.  Dillewijn  (73;  cited  after  Zycha,  464)  made 
similar  measurements  with  tissue  of  Avena  and  obtained  results  contra- 
dicting those  of  Blackman  and  Paine.  It  should  be  pointed  out  that 
exosmosis  may  depend  on  other  factors  than  permeability,  notably  the 
concentration  of  diffusible  electrolytes  in  the  cytoplasm,  and,  in  experi- 
ments with  whole  tissues,  the  intercellular  materials. 

Direct  measurements  of  tissue  conductivity  were  used  by  Brauner 
(43)  to  determine  permeability  changes  in  the  coleoptile  of  Avena;  his 
illumination  is  very  accurately  defined.  This  author  was  able  to  detect 
a  conductivity  increase  upon  illumination  superimposed  upon  that  caused 
by  the  implantation  of  platinum  electrodes  (made  fast  with  hot  paraffin!). 
The  inadequacies  of  such  a  method  are  obvious  and,  indeed,  are  well 
indicated  by  Brauner  himself. 

Direct  chemical  methods  also  have  been  applied  to  the  study  of  the 
effects  of  visible  light  on  cell  permeability.  Hoagland  and  Davis  (150) 
and  Hoagland,  Hibbard,  and  Davis  (151)  measured  directly  the  amount 
of  anion  accumulating  in  the  sap  of  Nitella  cells  in  the  darkness  and  in 
white  light.  In  the  early  experiments,  daylight  was  the  source  of 
illumination,  and  CI,  NO 3,  and  Br  were  determined  in  the  sap.  Chloride 
absorption  in  the  light  against  a  concentration  gradient  sometimes  left 
the  surroundings  totally  free  of  CI  in  a  few  days;  in  3  days  twice  as 
much  NO3  was  absorbed  by  the  illuminated  cells  as  by  the  darkened 
ones,  and  in  4  to  5  days  three  times  as  much  Br.  In  the  later  work  arti- 
ficial sources  of  illumination  were  used,  the  amount  of  light  being  defined 
only  in  terms  of  the  wattage  of  the  lamps.  Bromide,  not  found  naturally 
in  the  sap  of  these  cells  in  appreciable  concentration,  was  determined. 
Light  accelerated  accumulation  of  this  ion,  and  even  cells  exposed  to  Br 
in  the  dark  showed  increased  absorption  of  Br  if  they  had  been  just 
previously  illuminated.  Accumulation  did  not  vary  directly  as  the 
amount  of  light;  intensity  was  the  more  weighty  factor,  contrary  to  the 
conclusion  of  Trondle.  These  authors  present  their  data  as  indicative 
of  changes  in  a  metabolic  process  which  they  (and  Zycha)  contrast  with 
ordinary  permeability  phenomena,  which  last  depend  on  the  laws  of 
physical  diffusion.  The  difference  of  opinion  depends,  of  course,  on  the 
chosen  definition  of  permeability.  Hoagland,  Hibbard,  and  Davis  found 
that  the  presence  of  Ca  inhibited  penetration,  and  reported  a  temperature 
coefficient  of  accumulation,  Qk,  =  2.0  to  3.0.     Both  of  these  facts  charac- 
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terize  ordinary  permeability  phenomena  (cf.  Lucke  and  McCutcheon, 
244). 

None  of  the  work  considered  has  taken  into  account  the  effects  of 
light  of  different  wave-lengths.  The  first  investigation  of  this  problem 
is  that  of  M.  M.  Brooks  (45),  who  worked  with  the  large  cells  of  the  alga 
Valonia  macrophysa  and  determined  colorimetrically  the  penetration 
of  2-,  6-dibromophenol  indophenol  into  the  sap.  Her  curves  show  an 
inverse  relation  between  permeability  increase  and  wave-length  (Fig.  1). 
This  permeability  increase  is  independent  of  the  energy  transmission  of 

the  filters  used. 

The  later  results  of  Lepeschkin  (221)  agree 
very  well  with  those  of  Brooks.  He  also  deter- 
mined dye  penetration,  developing  a  color-com- 
parison method  whereby  the  intensity  of  the 
methylene  blue  stain  in  the  leaves  of  Elodea 
could  be  translated  into  percentage  concentration 
per  square  centimeter  of  leaf  surface  per  hour. 
Permeability  to  the  dye  was  greatly  increased 
by  sunlight,  but  the  author  found  no  decrease 
with  protracted  illumination.  His  results  with 
filters  harmonize  very  well  with  those  of  Brooks; 
permeability  increase  depends  more  on  wave-length 
than  on  the  amount  of  radiant  energy  applied. 
Fig.  1.— The  molecular  In  studying  the  penetration  of  dyes  in  the  light, 

concentration     of     2-,     6-    ,i         p     i-  ,•  j.    i        j.    i  ■    j 

dibromophenoi  indophenol  ^^^  fadmg  actiou  must  be  taken  mto  account, 
in    the    sap    of    Valonia  Failure  to  do  this  accounts  for  the  contradictory 

(ordinates)  when  the  plants  i,         r    -i-^n         m-    /c,o\  ^•  i       x  i  i  • 

had  been  exposed  to  screens  results  of  Efimoff  (88),  accordmg  to  Lcpcschkm 

(221).  _ 

Animal  Cells. — The  effects  of  light  upon  ani- 
mals are  neither  so  radical  nor  so  obvious  as  those 
on  plants;  the  information  concerning  the  effects 
of  light  on  animal  cell  permeability  is  correspondingly  less  abundant. 
The  most  light-sensitive  of  animal  tissues,  the  retina,  was  considered  by 
Lange  and  Simon  (210).  Frog  retina  was  exposed  to  a  300-candle 
Osram  lamp  at  a  distance  of  80  cm.  Following  Embden,  the  authors 
considered  the  rate  of  phosphate  production  a  measure  of  permeability. 
This  they  found  to  be  increased  by  light,  but  as  a  permeability  index  it  is 
highly  indirect,  if  at  all  valid. 

Packard  (283)  used  Paramecium  in  his  study  of  the  penetration  of 
NHiOH  under  illumination.  The  cells  were  first  stained  with  neutral 
red,  and  the  decoloration  was  taken  as  a  measure  of  the  penetration  of 
the  alkali.  The  injuries  due  to  the  alkali  are  not  accounted  for  but  may 
not  be  important  for  relative  measurements.  Of  course,  the  method 
assumes  constancy  of  cellular  pH  during  irradiation.     Cells  irradiated 


transmitting  different 
wave-lengths  at  intervals 
up  to  10  hr.  (abscissas), 
at  22°C.  {After  Brooks, 
44.) 
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with  sunlight  through  glass  were  more  permeable  than  those  kept  in  the 
darkness.  By  the  use  of  filters,  Packard  also  obtained  results  agreeing 
with  those  of  Brooks  and  Lepeschkin;  the  shorter  wave-lengths  had 
relatively  more  effect  upon  the  permeability. 

Increased  intensity  of  stain  in  both  nucleus  and  cytoplasm  of  frog 
leucocytes  in  Nile  blue  sulfate  when  irradiated  with  a  32-candle  Osram 
lamp  was  found  by  Haberlandt  (126).  Disappearance  of  the  color  with 
protracted  illumination,  however,  renders  difficult  any  reading  of  a 
permeability  factor  into  these  results. 

Recently  Lepeschkin  (224)  has  presented  data  showing  an  increase 
of  the  permeability  of  human  and  cow  erythrocytes  to  electrolytes  and 
nonelectrolytes  under  the  influence  of  sunlight.  He  used  three  methods: 
(a)  hematocrit,  (6)  osmotic  hemolysis,  and  (c)  isotonic  coefficients  based 
on  the  use  of  a  penetrating  and  a  nonpenetrating  hypotonic  solution  to 
cause  hemolysis.  By  the  first  method  he  determined  the  relative  perme- 
ability of  the  blood  corpuscles  to  glucose;  by  the  second,  permeability 
to  glycerin;  and  by  the  third,  the  permeability  of  cow  erythrocytes  to 
NaCl  and  the  permeability  of  human  erythrocytes  to  glucose.  In  all 
cases  light  caused  an  increase  in  the  rate  of  penetration,  whether  of  dis- 
solved substance  or  water,  although  the  results  are  not  translated  into 
absolute  terms. 

In  all,  then,  the  evidence  favors  the  view  that  visible  light  increases 
the  permeability  of  plant  and  animal  cells.  The  chief  objections  arise 
from  the  experiments  of  Kisselew  and  of  Zycha.  The  former  used  only 
the  very  specialized  guard  cells;  the  latter's  results  are  open  to  the  criti- 
cism of  Lepeschkin,  already  mentioned.  The  newer  and  semiquantita- 
tive data  render  a  conclusion  fairly  safe,  though  the  methods  of  control 
of  radiation  quality  and  intensity  allow  no  quantitative  comparisons. 
Even  for  plant  cells  there  is  yet  no  single  set  of  experiments  that  com- 
bines a  reliable  permeability  method  with  accurate  determination  of 
the  illumination. 

ULTRA-VIOLET   RAYS 

The  literature  on  changes  in  permeability  produced  by  ultra-violet 
rays  is  much  smaller  than  that  on  the  visible  spectrum.  The  work  is 
largely  on  animal  cells,  for  which,  unfortunately,  the  methods  of  exact 
permeability  measurement  are  limited  to  a  few  types  of  material. 

The  work  of  Brooks  and  of  Lepeschkin,  which  contained  evidence  for 
a  permeability  increase  in  plant  cells  by  the  ultra-violet  portion  of  ordi- 
nary sunlight  has  already  been  cited.  These  authors  made  no  experi- 
ments using  artificial  sources. 

The  " radiopuncture "  method  of  Tschachotin  (364  for  method  proper; 
357),  by  which  a  beam  of  ultra-violet  rays  is  focused  on  a  single  cell  or 
part  of  a  cell,  has  given  this  author  results  interpreted  as  evidencing  a 
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permeability  increase  in  the  membrane  of  Strongylocetitrotus  (sea  urchin) 
eggs.  After  irradiation  at  a  point  on  the  surface  of  an  egg,  he  placed  the 
egg  in  hypotonic  or  hypertonic  sea  water.  In  hypotonic  sea  water  he 
observed  a  protuberance,  in  hypertonic  an  invagination  of  the  surface  at 
the  point  irradiated,  indicating  more  rapid  movement  of  water  across  the 
membrane  at  this  point.  Tschachotin  further  reported  that  decoloration 
of  neutral  red-stained  eggs  exposed  to  alkali  occurred  most  rapidly  at  the 
point  irradiated. 

Besides  these  experiments,  most  of  the  information  concerning  the 
action  of  ultra-violet  on  permeability  concerns  specialized  tissues.  Eck- 
stein and  von  MoUendorf  (87)  studied  the  accumulation  of  trypan  blue 
in  the  kidney  epithelium  of  irradiated  and  subsequently  injected  rats. 
The  dye  accumulated  more  readily  in  the  cells  of  the  irradiated  animals 
than  in  those  of  the  controls.  This  type  of  result  has  been  quoted 
{e.g.,  by  Tsebrikow,  367)  as  evidence  for  a  permeability  change.  Cer- 
tainly it  is  too  indirect  to  be  of  much  value ;  the  authors  themselves  do 
not  consider  permeability. 

Gans  and  Schlossmann  (110)  applied  the  indicator  method  to  the 
investigation  of  the  penetration  of  NH4OH  into  sections  of  human  skin. 
The  skin,  stained  with  neutral  red,  was  obtained  from  patients  irradiated 
with  direct  sunlight  or  a  mercury-vapor  lamp.  Four  cases  are  given,  and 
in  each  the  decoloration  of  the  rayed  section  proceeded  faster  than  that 
in  sections  of  nonirradiated  skin  from  the  same  patients. 

They  quote  as  further  evidence  for  their  view  the  data  of  Regelsberger 
(309)  who  measured  the  polarization  resistance  of  normal  and  irradiated 
skin.  His  source  of  ultra-violet  was  of  sufficient  intensity  to  cause 
erythema  2  hr.  after  a  1-min.  exposure.  At  the  onset  of  erythema 
Regelsberger  observed  a  10-  to  200-fold  increase  in  the  polarization 
resistance,  which  Gans  and  Schlossmann  consider  a  measure  of  per- 
meability. Keller  (184)  obtained  similar  results.  It  is  obvious  that  in 
all  of  these  experiments  a  tissue  of  many  layers  is  being  considered,  so 
that  cytolytic  changes,  rather  than  reversible  membrane  effects,  may 
be  responsible  for  the  electrical  fluctuations.  This  criticism  is  vigorously 
advanced  by  Lewis  and  Zotterman  (227). 

RADIUM 

The  investigation  by  Maud  Williams  (392)  of  the  effects  of  combined 
beta  and  gamma  rays  on  epithelial  cells  from  the  petiole  of  Saxifraga 
umbrosa  includes  estimations  of  permeability  changes  (a)  by  measure- 
ments of  the  stomatal  apertures,  following  a  theory  of  stomatal  closure 
similar  to  that  of  Kisselew,  according  to  which  closure  is  caused  by 
permeability  increase;  and  (6)  by  determinations  of  the  rate  of  plasmolyis 
by  sugar  solutions.     Her  sources  were  0.1  gm.  of  radium  element  and 
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0.51  mg.  of  bromide  with  a  gamma-ray  activity  equivalent  to  0.27  mg. 
of  element.  The  capsules  of  radioactive  material  were  placed  directly 
on  the  coverslip  over  the  preparation.  The  rays  caused  a  considerable 
decrease  in  the  average  stomatal  gap  (ratio  of  width  to  length).  Irradia- 
tion also  caused  a  2-  to  20-fold  increase  in  the  percentage  of  cells  plas- 
molyzed  by  a  given  hypertonic  sucrose  solution  in  a  given  time,  which  is  a 
fairly  direct  indication  of  an  increased  permeability  to  water, 

Packard  (281,  282)  presents  evidence,  largely  indirect  and  wholly 
qualitative,  for  an  increase  in  the  permeability  of  protozoa  by  radium. 
He  used  13.4  mg.  of  element  very  near  the  culture.  He  compared  the 
permeability  (determined  by  the  neutral  red-NH40H  method)  of  con- 
jugating and  normal  Paramecium  with  their  relative  radiosensibility. 
Similarly,  the  relative  permeabilities  of  Paramecium  and  Stylonychia  were 
compared  with  their  sensibility  to  the  rays.  The  more  permeable  animals 
always  proved  the  more  susceptible  to  the  lethal  action  of  radium  rays. 
From  this  he  concluded  that  permeability  increase  was  a  factor  in  radium 
cytolysis.  Since  0.12  mm.  of  lead  obviated  all  these  results,  he  attributed 
them  to  the  soft  beta  rays.  The  later  paper  gives  more  direct  evidence; 
the  irradiated  and  nonirradiated  cells  were  tested  by  the  indicator 
method.  Here  Packard  was  able  to  demonstrate  that  permeability  of 
Paramecium  to  NH4OH  increased  as  the  dose  of  beta  rays  increased. 

In  1925  Van  Herwerden  (146)  used  the  "reversible  gelation"  which 
rendered  the  nucleus  and  nucleolus  of  epithelial  cells  in  tadpole  tails 
visible,  as  a  criterion  of  the  penetration  of  dilute  acetic  acid.  She  exposed 
a  preparation  of  3.1  mg.  of  RaBr2  (activity  unspecified)  for  an  hour  or 
two,  then  surrounded  the  cells  by  0.05  to  0.07  per  cent  acetic  acid.  The 
gelation  appeared  immediately.  In  nonirradiated  controls  20  to  30  min. 
were  required  to  bring  about  the  same  result.  Van  Herwerden  found  her 
results  were  not  significantly  affected  by  the  interposition  of  2  mm.  of 
lead,  contradicting  the  results  just  mentioned  of  Packard  who,  however, 
probably  used  larger  doses.  The  reasoning  of  Van  Herwerden  is  some- 
what unsatisfying;  if,  as  is  more  than  possible,  the  rays  themselves  cause 
a  partial  gelation,  this  might  be  summated  with  the  acid  effect,  and  the 
end  point  would  be  reached  sooner  without  any  membrane  change. 

The  earliest  evidence  that  erythrocyte  permeability  might  be 
increased  by  the  rays  from  radium  is  that  of  Henri  and  Meyer  (141). 
They  exposed  a  suspension  of  erythrocytes  to  0.1  gm.  of  radium  bromide 
for  8  to  9  hr.,  then  determined  colorimetrically  the  degree  of  hemolysis 
by  a  graded  series  of  hypotonic  solutions.  Their  data  show  a  decreased 
osmotic  resistance  in  the  irradiated  cells,  indicating  augmented  perme- 
ability to  water.  This  experiment  has  been  carried  out  in  a  quantitative 
way  by  Mascherpa  (254)  who,  however,  used  only  radium  emanation, 
which  he  dissolved  in  the  experimental  solutions  and  therefore  permitted 
to  act  during  hemolysis.     Table  1  gives  his  results. 
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Table  1. — Effect  of  Radium  Emanation  on  Osmotic  Resistance  of  Dog 

Erythrocytes 

(Mascherpa,  254) 


Concentration  NaCI  acting  for  12  hr. 

To  initiate  hemolysis 

To  complete  hemolysis 

Emanation  in 
Mache  units 

Control 

Radiated 

Control 

Radiated 

1529.550 
2799.540 
3865.590 
4755.510 

0.69 
0.72 
0.75 
0.69 

0.75 
0.78 
0.81 
0.87 

0.54 
0.57 
0.48 
0.51 

0.57 
0.60 
0.66 
0.69 

Alpha  particles,  therefore,  do  decrease  osmotic  resistance  in  blood 
cells.  Mascherpa  questions  the  significance  of  such  results  as  a  measure 
of  permeability,  pointing  out  that  the  relations  of  pigment,  stroma, 
and  membrane  are  not  understood,  and  that  the  pigment  itself  is  changed 
by  the  radiation,  the  hemoglobin  forming  methemoglobin.  (For  discus- 
sion of  this  problem  see  Hober,  152,  page  421.)  Jacobs  (173)  may  also 
be  consulted  for  an  analysis  of  the  relation  between  hemolysis  and 
permeability. 

Mascherpa  (254)  has  also  presented  direct  evidence  for  an  increase 
in  the  water  permeability  of  frog  skin  by  radium  emanation.  The  skins, 
forming  the  membranes  of  simple  osmometers  filled  with  salt  solutions 
or  salt  and  glucose,  were  immersed  in  distilled  water  containing  radium 
emanation  in  solution.  The  activity  of  the  emanation  solutions  was 
4755.1  Mache  units.  The  level  in  the  manometer  rose  more  rapidly  when 
the  skin  was  immersed  in  the  radioactive  water  than  in  the  controls,  as 
the  figures  in  Table  2  show. 


Table  2. — Effect  of  Radium  Emanation  on  Water  Permeability  of  Frog  Skin 

(Mascherpa,  254) 


Minutes 

Level  of  osmometer 

Control 

Radiated 

0 
10 
20 
30 
40 
50 
60 

0.105 
0.112 
0.119 
0.127 
0.134 
0.139 
0.154 

0.090 
0.100 
0.115 
0.116 
0.121 
0.125 
0.140 
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The  relative  permeability  effects  of  the  different  products  of  radio- 
active disintegration  cannot  be  determined  from  the  sparse  data  available. 
It  seems  true,  at  least,  that  alpha  rays  and  mixed  beta  and  gamma  rays 
may  cause  an  increase  in  cell  permeability;  as  for  gamma  rays,  we  have 
only  the  contradiction  between  the  experiments  of  Packard  and  of  Van 
Herwerden. 

ROENTGEN  RAYS 

It  is  consonant  with  the  therapeutic  importance  of  the  roentgen 
rays  that  their  general  cellular  effect  should  long  have  been  the  object 
of  thought  and  some  research.  As  the  physiological  importance  of 
membrane  changes  has  become  recognized,  attention  has  been  turned  to 
the  effects  of  roentgen  rays  on  cell  and  tissue  permeability.  The  litera- 
ture is  not  large,  but  the  several  workers  are  in  good  agreement.  There 
is  as  yet  no  single  investigation  that  can  be  considered  quantitatively 
valid  both  physiologically  and  radiologically. 

The  first  direct  consideration  of  the  problem  is  that  of  Richards  (314) 
who  used  four  of  the  criteria  of  permeability  increase  then  current:  (a) 
pigment  release  from  Arenicola  larvae,  (b)  penetration  of  alkali  into 
cells  stained  with  neutral  red,  (c)  penetration  of  neutral  red  into  cells  made 
alkaline,  and  id)  artificial  parthenogenesis.  Richards  does  not  describe 
his  source  of  radiation,  but  all  of  his  results  are  negative.  Irradiation 
caused  no  release  of  pigment  from  Arenicola  larvae,  nor  did  it  change  the 
"permeability"  of  the  eggs  of  Asterias  or  Arhacia,  nor  did  it  activate 
them. 

Brummer  (48)  treated  human  skin  with  a  dose  of  10  X-units  (at  2  ma.) 
and  determined  permeability  to  NH4OH  after  the  method  of  Gans  and 
Schlossmann  already  described.  The  stained  skin  was  decolorized  in 
8  min.,  while  the  control  required  6  hr.  Softer  rays  (5.3  ma.)  proved 
more  effective,  although  the  extent  of  the  difference  is  not  clear.  The 
same  author  (49)  attempted  to  extend  his  conclusions  to  erythrocytes. 
Cells  exposed  to  3,  6,  10,  and  15  X-units  were  suspended  in  methylene 
blue,  centrifuged  after  a  period  of  time,  and  the  intensity  of  the  super- 
natant dye  determined.  As  the  dose  increased,  the  amount  of  dye 
taken  up  by  the  cells  diminished,  indicating  a  permeability  decrease, 
in  contradiction  to  Brummer's  results  with  skin. 

Kovacs  (198)  used  the  fact  that  methyl  violet  must  attain  a  certain 
concentration  in  the  frog  heart  before  it  stops  the  beat,  to  estimate 
permeabihty  changes  in  the  cardiac  tissue.  The  heart  received  6  H.E.D. 
and  was  immersed  in  dye  solution.  Beating  stopped  in  20.5  min., 
although  the  control  required  28  min.  This  difference  is  not  striking, 
but  experiments  in  which  time  of  immersion  was  kept  constant  and  the 
intensity  of  dye  in  the  heart  measured  with  a  colorimeter  gave  results 
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concordant  with  these.  From  such  experiments,  of  course,  no  conclusions 
relevant  to  the  permeabiUty  of  the  cell  membrane  can  be  drawn. 

Gassul  (116)  irradiated  (2  to  3  H.E.D.)  explants  of  frog  spleen  in 
carmine-containing  plasma.  The  reticular  cells  and,  with  stronger  doses, 
the  endothelial  cells  acquired  a  fine  granular  stain,  although  the  controls 
took  up  no  dye.  The  softer  rays  (those  stopped  by  3  mm.  of  Al  plus 
0.5  mm.  of  Zn)  were  the  most  effective  in  causing  increased  penetration  or 
accumulation  of  the  dye. 

C.  Hoffmann  (153)  studied  the  effects  of  roentgen  rays  of  varying 
hardness  upon  the  penetration  of  trypan  blue,  light  green,  methyl  red, 
and  neutral  red  into  Opalina  ranarum  in  culture.  Doses  of  500  and 
1000  r  were  used.  Irradiated  cells  accumulated  stain  more  rapidly  than 
control  animals;  hard  and  soft  rays  had  the  same  effect. 

In  the  experiments  of  Schmidt  (331),  Halberstadter  and  Wolfsberg 
(128,  129),  Holtermann  (157),  and  Tsebrikow  (368)  dyes  are  injected 
into  whole  irradiated  animals,  and  there  is  determined  the  accumulation 
of  these  dyes  in  special  tissues,  particularly  kidney  epithelium.  These 
results  should  not  alone  be  considered  as  evidence  for  a  change  of  tissue 
cell  permeability  after  roentgen  irradiation;  if  they  imply  a  membrane 
effect  at  all,  it  is  an  increase,  never  a  decrease,  in  permeability. 

A  number  of  workers  have  used  electrical  methods,  which  have  the 
advantage  of  physical  precision,  but  probably  insuperable  biological 
disadvantages — to  use  a  change  of  electrical  conductance  or  polarization 
resistance  as  a  measure  of  permeability  change,  one  must  make  a  great 
number  of  simplifying  assumptions,  particularly  about  the  state  of  the 
intercellular  material  and  the  concentration  of  free  electrolyte  within  the 
cell.  Thus  the  formula  of  Philippson,  used  by  the  two  authors  about  to  be 
considered,  treats  the  tissue  as  a  resistance  and  a  capacity  in  series,  with 
a  shunt,  and  assumes  that  all  cell  membranes  are  lipoid  in  nature. 

Mendeleef  (259)  irradiated  guinea  pigs  with  doses  of  720  r 
(4  ma.,  188  kv.,  0.5  Cu  +  1.0  Al)  and  determined  the  electrical  constants 
of  liver  tissue  by  the  method  of  Philippson.  The  calculated  results  show 
a  decrease  in  the  ohmic  and  polarization  resistance  of  the  membranes 
which  is  interpreted  as  indicating  increased  cell  permeability  to  ions. 
Tsebrikow  (367,  368)  used  the  same  method  with  tissues  of  irradiated 
normal  and  cancerous  mice.  Her  doses  were  100  and  600  r  and  she  tried 
rays  of  varying  hardness.  In  all  cases  irradiation  of  the  animal  caused 
an  increase  in  tissue  permeability,  40  per  cent  in  normal  tissue,  50  to  60 
per  cent  in  tumor  tissue. 

This  latter  result  contradicts  the  conclusion  of  Waterman  (382)  that 
tumor  cells  and  normal  cells  are  affected  by  roentgen  rays  in  an  opposite 
manner.  Waterman,  however,  compared  rather  acidic  suspensions  of 
isolated  tumor  cells  with  suspensions  of  lymphocytes.  The  ratio 
of  the  polarization  resistance   to   the   ohmic  resistance    (Waterman's 
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"P/W  Konstant")  was  used  as  an  index  of  permeability.  The  ray 
effect  on  this  constant  over  a  period  of  time  undulates,  but  the  immediate 
result  is  an  increased  "permeability"  of  lymphocytes  and  a  decreased 
"permeability"  of  tumor  cells. 

Several  applications  of  chemical  methods  of  permeability  determina- 
tion remain  to  be  considered.  Kroetz  (205)  compared  the  rate  of  dif- 
fusion of  chloride  across  normal  frog  skin  with  that  across  skin  exposed 
to  10  to  30  H.E.D.  In  eight  experiments,  the  average  amount  of  A^/100 
AgNOs  required  to  precipitate  the  chlorides  that  had  crossed  the  mem- 
brane was  1.985  cc.  for  skin  that  had  received  30  H.E.D. ,  while  the  control 
value  was  0.875  cc.  Thus,  in  this  series,  irradiation  caused  a  198  per  cent 
increase  in  penetration.  Kovdcs  (198,  199),  using  4  H.E.D.  in  a  frog- 
skin preparation,  could  detect  no  increase  in  the  rate  of  diffusion  of 
hemoglobin. 

Magath  (248,  250),  Magath  and  Kolomyetz  (251),  and  Jalin  (175) 
interpret  data  obtained  with  whole  tissues  as  evidence  for  an  increase 
of  permeability  in  cell  membranes  upon  roentgen  irradiation.  Earlier, 
Magath  used  the  rate  of  swelling  of  normal  and  tumor  tissue  immersed 
in  acidic  buffer  solutions  as  a  measure  of  permeability.  He  gave  normal 
and  cancerous  rabbits  5  to  6  H.E.D.  The  hver  tissue  of  the  normal 
irradiated  animal  swelled  twice  as  fast  as  that  of  the  control  normal. 
Carcinoma  tissue,  however,  showed  a  20  per  cent  decrease  in  the  rate 
of  swelling  when  irradiated.  Previous  immersion  in  CaCl2  reversed  both 
of  these  effects.  The  1930  experiments,  using  phosphate  production  as 
a  measure  of  permeabiHty,  gave  identical  relationships,  although  rat  tissue 
was  used,  and  a  dose  of  300X.  Jalin  (175)  found  doses  of  1  H  to  acceler- 
ate the  exosmosis  of  KI  injected  into  rabbit  muscle. 

The  most  direct  evidence  for  the  permeability-increasing  efTect  of 
roentgen  rays  comes  from  experiments  on  erythrocytes.  Biologically, 
one  of  the  most  valuable  of  all  the  papers  we  shall  consider  is  that  of 
Lehmann  and  Wels  (215)  who,  unfortunately,  did  not  define  their  ray 
dose,  but  gave  only  tube  voltage  and  amperage.  After  long  irradiation, 
beef  erythrocytes  in  dextrose  were  centrifuged  off,  and  the  exosmosed 
chloride  determined  in  the  solution.  Irradiation  caused  an  increase  in 
the  amount  of  diffusion  of  this  ion  from  the  cells.  By  the  use  of  the 
hematocrit  under  the  same  conditions,  they  demonstrated  that  cell 
volume  diminished  more  rapidly  after  irradiation  than  normally,  further 
evidence  of  accelerated  exosmosis.  They  also  determined  the  total 
electrolyte  diffusion  by  electrical-conductance  measurements,  and  by 
comparing  their  results  with  the  chloride  determinations  were  able  to 
show  that  both  NaCl  and  KCl  diffused  out.  Finally,  they  measured  the 
rate  of  volume  increase  upon  prolonged  immersion  of  the  cells  in  isotonic 
NaCl;  in  one  experiment,  the  average  increase  in  the  volume  of  the  irra- 
diated cells  in  43  hr.  was  49  per  cent,  the  control  value  being  44.5  per  cent. 
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Koch  (191)  gave  the  blood  of  human  patients  600  r  m  vitro.  Permea- 
bihty  changes  were  estimated  by  the  hematocrit  method  and  by  chloride 
analysis.     In  most  of  the  cases  the  results  showed  a  permeability  increase. 

Saxe  (322)  measured  the  permeability  to  water  of  pig  bladder  upon 
irradiation  with  3000  r.  The  bladder  was  stretched  across  the  mouth 
of  a  simple  osmometer.  He  obtained,  in  the  one  experiment  men- 
tioned, a  considerable  increase  over  the  control  in  the  rate  of  water  pene- 
tration, but  later  work  does  not  seem  to  confirm  these  results  (122). 

For  plant  cells  there  are  data  obtained  by  Williams  (391)  on  her  prepa- 
rations of  cells  of  Saxifraga  umbrosa.  Her  method  and  the  trend  of  her 
results  are  the  same  as  in  her  radium  experiments  already  considered. 
Roentgen  rays  caused  increased  permeability  certainly  to  water  and 
probably  to  other  substances.  As  early  as  1902  Seckt  (340)  had  observed 
stomatal  closure  in  cells  of  Tradescantia  selloi  under  roentgen  irradiation, 
which,  by  the  criterion  of  Williams,  is  evidence  of  permeability  increase. 

On  the  whole,  in  spite  of  conflicting  results,  we  should  be  inclined 
to  believe  that  all  types  of  radiation  which  affect  living  cells  do  cause  a 
definite  increase  in  the  permeability  of  the  plasma  membrane.  Never- 
theless, in  spite  of  the  large  number  of  papers  already  published,  it  is 
desirable  that  much  more  work  be  done  in  this  field.  The  best  methods 
have  scarcely  been  used  at  ail,  and  there  is  a  dearth  of  certain  and  accu- 
rate information. 

SURFACE  CHARGE 

Many  writers  have  proposed  changes  in  the  electrical  charges  of  proto- 
plasmic colloids  as  the  principal  cause  of  the  biological  action  of  radi- 
ations (33,  63,  233,  235,  262,  400,  etc.).  There  is  very  httle  experimental 
evidence  bearing  on  this  view,  which  seems  a  reasonable  inference  from 
the  well-known  ionizing  effect  of  all  radiations.  It  must  be  pointed  out 
that  there  is  relatively  little  information  of  any  sort  concerning  electrical 
charges  either  of  cell  surfaces  or  the  surfaces  of  the  cytoplasmic  granules. 

Young  and  Pingree  (396)  detected  a  retardation  of  the  electrophoretic 
movement  of  cells  of  Sarcina  flava,  Sarcina  rosea,  and  Bacillus  prodigiosus 
suspended  in  glucose  when  the  cells  were  exposed  to  the  light  of  an 
incandescent  bulb.  Their  results  are  not  strictly  quantitative,  as  the 
unequal  distribution  of  the  light  through  the  circular  cross  section  of  the 
U-tubes  used  resulted  in  the  formation  of  irregular  migration  surfaces. 

A  similar  decrease  in  the  negative  charge  of  bacteria  is  reported  by 
Lisse  and  Tittsler  (239).  These  authors  measured  by  the  method  of 
Falk  the  velocity  of  anodal  migration  of  Escherichia  coli  suspended  in 
water.  Exposure  to  a  500-watt  Mazda  bulb  caused  a  brief  increase 
followed  by  a  steady  decrease  in  the  rate  of  movement  of  the  cells  in  the 
electrical  field. 

The  effect  of  ultra-violet  irradiation  on  the  zeta  potential  of  erythro- 
cytes was  measured  by  Falk  and  Reed  (93).     They  irradiated  dog  blood 
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in  vivo  through  a  quartz  tube.  The  migration  velocity  in  the  experiment 
given  changed  from  12.4  ^i  per  sec.  to  11.0  m  per  sec.  after  13-^  hr.  exposure 
to  the  quartz  mercury  arc;  the  control  remained  practically  constant. 

Recently  Lisse  and  Tittsler  (240)  have  considered  the  action  of  the 
carbon  arc  (therapeutic  B  electrodes,  90  volts,  3  amp.)  on  the  electro- 
phoretic  migration  of  cells  of  Escherichia  coli  suspended  in  water.  They 
used  both  the  method  of  Northrop  and  Kunitz  and  that  of  Falk,  with 
some  divergences  in  the  results.  When  the  Northrop-Kunitz  chamber 
was  used  for  the  cataphoretic  measurements,  the  authors  observed  with 
brief  irradiation  an  increase  in  cataphoretic  velocity;  more  severe  treat- 
ment caused  a  consequent  decrease.  The  first  effect  is  described  as 
"stimulating,"  the  second  as  "lethal."  One  set  of  the  results,  in  which 
the  electrophoretic  measurements  were  made  within  10  hr.  after  irradi- 
ation, is  reproduced  from  Table  10  of  Lisse  and  Tittsler  (see  Table  3). 
Uncorrected  values  are  given  because  of  the  great  possibilities  of  experi- 
mental error  in  determining  the  correction  factor  from  Smoluchowski's 
equation. 

Table  3. — Effect  of  Carbon  Arc  on  Migration  Velocity  of  Escherichia  coli 

(After  Lisse  and  Tittsler,  200) 


Treatment 


Nonirradiated 

Irradiated  30  sec . . 
Irradiated  1  min .  . 
Irradiated  \]4,  min 
Irradiated  2  min.  . 
Irradiated  15  min. 
Irradiated  30  min 
Irradiated  60  min 


Number  of 
averaged 
averages 


21 
6 
4 

2 
6 
8 
9 

1 


Migration 

velo 

city 

23 

13 

26 

38 

23 

51 

23 

00 

21 

48 

15 

07 

14 

72 

n 

6S 

Percentage 
change 


+  14.1 
+   1.7 

-  0.6 

-  7.1 
-34.8 
-36.4 
-49.5 


When  the  Falk  capillary  cell  was  used,  other  conditions  being  the 
same,  the  "stimulation"  effect  could  not  be  demonstrated  for  short- 
irradiation  treatments.  There  was  a  steady  decrease  in  the  charge. 
Lisse  and  Tittsler  point  out  that  the  increase  observed  in  the  pH  of  the 
suspension  might  account  to  some  extent  for  the  change  in  migration 
velocity.  They  also  note  that  the  time  elapsing  between  irradiation 
and  the  electrophoretic  measurements  is  important  but  do  not  present 
complete  irradiation  experiments  in  which  this  factor  is  controlled. 

There  is  evidence,  therefore,  from  direct  measurements  of  several 
workers,  that  visible  light  and  ultra-violet  rays  cause  a  decrease  in  the 
surface  charge  of  cells,  bacteria  in  particular.  There  are  no  comparable 
data  concerning  the  effects  of  roentgen  rays  and  radium,  except  the 
recent  report  of  Dozois,  Tittsler,  Lisse,  and  Davey  (81).     These  workers 
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exposed  Escherichia  coli  to  rays  from  a  Coolidge  tube  at  30  kv.,  and 
35  to  45  ma.  With  constant  voltage,  they  express  their  doses  in  miUi- 
ampere-minutes ;  these  range  from  245  to  3000.  The  Falk  capillary  cell 
was  used  for  electrophoretic  measurements.  They  report  totally  nega- 
tive results;  no  change  in  the  charge  on  the  cells.  But  the  doses  used 
also  produced  no  effect  on  the  viability  of  the  organisms,  as  determined 
by  direct  counts. 

Van  Bonin  and  Bleidorn  (31)  attempted  to  determine  the  relation 
of  roentgen-ray  effects  upon  erythrocytes  to  their  electric  charge.  They 
measured  the  effects  of  various  concentrations  of  lanthanum  ion,  which 
is  known  to  reduce  the  surface  charge,  upon  the  resistance  of  the  cells  to 
saponin  hemolysis  and  osmotic  heniolysis.  Their  figures  show  that 
lowering  of  the  electric  charge  brings  about  proportional  lowering  of 
hemolytic  resistance.  But  roentgen  irradiation  (1  to  8  erythema  doses, 
filter  1  mm.  Al  +  0.5  mm.  Zn)  produced  only  a  slight  decrease  in  resist- 
ance to  hypotonic  solutions  and  no  change  in  resistance  to  saponin.  The 
authors  conclude  that  roentgen  rays  do  not  act  by  lowering  the  surface 
charge  of  cells.  The  contention  is  not  proved  unless  the  authors  can 
show  that  their  doses  had  some  effect  on  the  cells. 

Straub  and  Gollwitzer-Meier  (353,  354)  disclaimed  electrokinetic 
methods  and  attempted  to  deduce  the  relative  surface  charges  of  human 
blood  cells  in  suspension  from  the  irregularities  of  their  CO2  dissociation 
curves.  There  seems  to  be  no  information  concerning  radium  effects 
upon  surface  charges  of  cells  except  these  deductions  of  Straub  and 
Gollwitzer-Meier.  The  work  of  these  authors  and  the  experiment  of 
Van  Bonin  and  Bleidorn  are  obviously  indirect.  Dozois,  Tittsler,  Lisse, 
and  Davey  obtained  negative  results  but  used  doses  without  any  appar- 
ent biological  effect.  The  study  of  this  problem,  of  the  effect  of  roentgen 
and  radium  irradiation  on  electrical  charges,  presents  a  field  virtually 
untouched. 

A  large  literature  has  grown  up  around  changes  in  the  sedimentation 
velocity  of  blood  corpuscles;  this  seems,  if  the  law  of  Stokes  holds,  to 
depend  on  the  degree  of  aggregation  of  the  corpuscles  and  hence  probably 
on  their  surface  charge.  This  interpretation  is  maintained  by  Mond 
(262)  who  used  ultra-violet  rays  and  by  Brummer  (49,  50)  experimenting 
with  roentgen  rays.  Nevertheless,  there  is  no  consistency  in  the  results. 
Some  authors  find  an  increase  in  the  sedimentation  velocity,  as  Brummer, 
and  Valeef  (373),  who  used  thorium  X  in  vivo;  Klein  (1923)  found  that 
roentgen  rays  caused  acceleration  in  some  cases,  retardation  in  others. 
MicuUcz-Radecki  (261)  believes  that  the  reaction  depends  on  the  interval 
between  radiation  and  measurement.  Mond  (262)  obtained  both 
acceleration  and  retardation.  Rubin  and  Glasser  (319),  after  finding 
that  the  acceleration  of  sedimentation  by  roentgen  rays  was  prevented 
by  a  filter  which  protected  the  suspensions  from  the  heat  of  the  apparatus, 
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exposed  the  cells  to  heat  comparable  to  that  of  the  roentgen  apparatus, 
and  obtained  the  same  acceleration  of  the  sedimentation  rate. 

EFFECTS  ON  PROTOPLASMIC  COLLOIDS 

A  living  cell  is  more  than  a  semipermeable  membrane.  Although 
cell  physiologists  so  often  discuss  the  osmotic  membranes  of  cells  and 
their  changes  in  permeability,  there  can  be  no  doubt  that  the  interior 
protoplasm  is  at  least  equally  important.  It  is  commonly  held  that  all 
types  of  stimulation  cause  an  increased  permeability  of  the  plasma  mem- 
brane, but  very  few  authors  have  tried  to  explain  how  such  an  increase 
in  permeability  would  affect  the  main  mass  of  the  protoplasm.  Accord- 
ing to  some,  electrical  phenomena  are  involved,  but  the  nature  of  such 
postulated  electrical  disturbances  and  how  they  affect  the  protoplasmic 
colloids  are  not  at  all  clear.  It  might  also  be  possible  that  with  increased 
permeability,  the  ions  surrounding  the  cell  exert  some  particular  action. 
No  evidence  for  this  latter  view  has  been  presented. 

But  whether  or  not  it  is  possible  to  relate  permeability  change  to  a 
change  in  the  interior,  certain  it  is  that  the  protoplasm  itself  is  pro- 
foundly affected  by  stimulation  in  general  and  by  radiation  in  particular. 
Radiologists  have  often  sought  to  interpret  protoplasmic  effects  in  terms 
of  the  known  action  of  rays  on  inanimate  proteins.  The  fallacy  of  this 
type  of  argument  has  already  been  pointed  out.  It  is  certain,  at  least, 
that  the  colloidal  properties  of  protoplasm  are  vastly  different  from  those 
of  any  known  protein,  so  that  any  attempt  to  interpret  living  substance 
in  terms  of  protein  must  be  made  cautiously.  The  colloidal  study  of 
protoplasm  is  not  easy.  Microscopic  observation  alone  is  extremely 
uncertain,  for  complete  coagulation  of  the  cell  contents  is  not  necessarily 
accompanied  by  readily  observable  change.  Not  infrequently  early 
authors  who  merely  examined  the  general  appearance  of  the  protoplasm 
have  mistaken  liquefaction  for  coagulation  and  vice  versa. 

Fortunately,  within  recent  years  it  has  become  possible  to  make 
reasonably  accurate  measurements  of  protoplasmic  viscosity.  These 
give  indications  of  colloidal  change.  In  some  respects,  however,  viscosity 
studies  of  the  living  colloid  are  different  from  those  of  inanimate  systems. 
In  a  test  tube,  coagulation  is  accompanied  by  a  settling  out  of  a  precipi- 
tate. Within  a  tiny  cell,  no  such  settling  out  occurs.  Either  coagulation 
or  gelation  is  indicated  by  a  pronounced  increase  in  protoplasmic  viscos- 
ity. It  is,  however,  not  certain  that  the  ordinary  terminology  of  colloid 
chemistry  is  altogether  appropriate  for  the  living  colloid.  Protoplasm 
occurs  in  minute  droplets;  it  is  typically  a  suspension  with  20  or  30  per 
cent  or  even  more  of  suspended  granular  material.  One  can  scarcely 
consider  it  in  the  same  terms  as  a  1  per  cent  solution  of  egg  albumen. 
But  one  can  say  very  definitely  that  large  changes  in  viscosity  occur  in 
the  protoplasm,  and  that  these  are  measurable. 
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The  measurement  of  protoplasmic  viscosity  has  been  discussed  at 
considerable  length  by  Heilbrunn  (136).  Two  types  of  measurement  are 
most  in  favor  at  the  present  time.  With  the  aid  of  a  centrifuge,  proto- 
plasmic granules  are  moved  through  the  cell,  and  from  the  speed  of  this 
movement  it  is  possible  by  Stokes's  law  to  estimate  the  protoplasmic 
viscosity.  It  is  a  simple  matter  to  compare  the  viscosity  under  various 
conditions.  Absolute  viscosity  determinations  are  less  easy  and  less 
certain.  The  rate  of  Brownian  movement  is  also  an  index  of  protoplasmic 
viscosity.  Both  methods  of  viscosity  determination  have  their  serious 
limitations.  In  special  cases,  it  may  be  possible  that  the  viscosity 
measured  by  the  two  methods  may  be  different.  Thus,  following 
vacuolization  of  a  cell,  granules  within  the  vacuoles  might  show  rapid 
Brownian  movement,  whereas  centrifuge  tests  might  indicate  high 
viscosity.  Finally,  one  may  distinguish  between  the  viscosity  of  the 
clear  hyaline  protoplasm  and  the  viscosity  of  the  protoplasm  as  a  whole. 
The  latter  may  be  vastly  greater,  owing  to  the  presence  of  a  high  con- 
centration of  granular  material. 

VISIBLE    LIGHT 

It  is  noteworthy  that  so  few  authors  have  studied  the  effect  of  visible 
light  on  the  colloidal  properties  of  protoplasm ;  especially  is  it  surprising 
that  no  more  work  has  been  done  on  plant  material.  Using  Ranunculus 
ficaria,  Weber  (387)  compared  the  form  and  time  of  plasmolysis  in  cells 
of  leaves  exposed  to  darkness  and  light,  respectively.  The  "light" 
leaves  were  in  direct  sunlight.  From  leaves  in  darkness  plasmolysis  is 
"convex"  and  rapid,  whereas  from  those  in  the  light  it  is  "concave" 
and  slow.  Huber  (166)  also  noted  differences  in  the  form  of  plasmolysis. 
Weber  has  shown  that  convex  plasmolysis  is  associated  with  relatively 
low,  and  concave  with  high  viscosity  (Heilbrunn,  136) ;  also  that  rapid 
plasmolysis  is  an  indication  of  low  viscosity.  Hence  he  concludes  that 
the  viscosity  is  higher  in  the  light  than  in  darkness,  but  he  is  careful  to 
note  that  the  effect  may  be  an  indirect  one  and  may  be  the  secondary 
result  of  an  action  of  light  on  other  vital  processes  (e.g.,  transpiration  or 
photosynthesis). 

Gassul  (114,  115)  first  showed  that  leucocytes  and  lymphocytes  in 
spleen  explants  cytolyse  more  rapidly  in  the  light  than  in  the  dark  and 
accumulate  lithium  carmine  stain  at  a  greater  rate.  Similar  studies  by 
Earle  (86)  on  leucocytes  and  fibroblasts  in  tissue  culture  are  of  consider- 
able interest.  He  used  tungsten  filament  lamps  (15  to  200  w.),  and 
studied  the  effect  of  these  on  the  blood  cells  of  cats,  guinea  pigs,  and 
rabbits,  as  well  as  on  fibroblasts  obtained  from  chick  embryos.  When 
blood  is  illuminated,  the  leucocytes  go  through  an  interesting  series  of 
changes.  At  first  there  is  a  great  decrease  in  viscosity,  which  is  indicated 
by  the  "tremendously  increased  amplitude  of  Brownian  movement  of  the 
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granules  within  the  cell."  Various  types  of  leucocytes  differ,  but  in 
general  liquefaction  is  followed  by  coagulation.  This  may  involve 
disappearance  of  granules,  and  in  fibroblasts  there  is  a  very  striking 
vacuolization  of  the  protoplasm.  In  most  types  of  leucocytes  the  fat 
globules  increase  in  size  and  number.  All  these  phenomena  are  the  very 
ones  described  by  other  authors  as  characteristic  effects  of  ultra-violet  or 
roentgen  radiation.  Unfortunately,  however,  Earle  could  not  be  certain 
that  the  appearances  he  noted  in  leucocytes  and  fibroblasts  were  really 
due  to  a  direct  action  of  the  light  on  the  cells  in  question.  In  the  case 
of  both  leucocytes  and  fibroblasts,  the  presence  of  erythrocytes  seemed 
to  play  an  important  role.  The  red  blood  cells  are  affected  by  the  light 
more  readily  than  the  leucocytes,  and  it  is  quite  possible  that  substances 
released  from  them  are  in  large  measure  responsible  for  the  effects 
observed  in  the  other  types  of  cells.  Red  blood  cells  are  hemolyzed  by 
light  rays,  an  effect  which  seems  to  be  due  in  large  measure  to  an  action 
on  hemoglobin  (225). 

If  the  changes  in  leucocytes  produced  by  illumination  of  blood  are 
due  to  degenerative  substances  emerging  from  injured  erythrocytes,  this 
fact  may  be  correlated  with  the  theory  that  the  action  of  roentgen  rays 
is  in  large  measure  due  to  injury  substances,  or  necrohormones  (cf. 
Caspari,  55). 

» 

ULTRA-VIOLET    RAYS 

In  interpreting  the  action  of  ultra-violet  rays  on  protoplasm,  various 
authors  have  stressed  the  fact  that  such  rays  may  cause  a  coagulation  of 
proteins.  The  effect  of  radiation  on  proteins  is  discussed  in  another 
section  of  this  book  (cf.  Clark,  pages  303-322).  As  pointed  out  pre- 
viously, the  "living  colloid"  is  a  much  more  complicated  system  than  a 
protein  solution.  We  shall  here  confine  our  attention  to  living 
protoplasm. 

Virtually  none  of  the  authors  whom  we  shall  consider  has  reported  the 
intensity  used.  Indeed,  for  the  type  of  experiment  usually  performed 
this  does  not  seem  entirely  possible  at  present;  the  International  Com- 
mittee for  the  Measurement  of  Ultra-violet  Light  has  recently  decided 
that  no  physical  method  of  measurement  that  has  yet  been  proposed  will 
permit  accurate  comparison  of  doses  from  different  lamps  {see  British 
Journal  of  Radiology  7 :  119.     1934). 

Working  on  the  theory  that  ultra-violet  rays  produced  an  effect  by 
coagulating  protein  and  that  this  effect  varied  with  the  pH  (cf.  Clark, 
63),  O'Donnell  (278)  studied  the  response  of  fish  chromatophores  to 
ultra-violet  rays  when  the  cells  were  bathed  in  solutions  of  varying  pH. 
She  could  detect  no  difference  in  one  solution  as  compared  with  another, 
and  hence  could  fuid  no  support  for  her  simple  theory. 
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Cernovodeanu  and  Henri  (57,  58)  studied  irradiated  bacteria,  proto- 
zoa, and  leucocytes  ultramicroscopically.  They  found  a  brilliant 
granular  appearance  which  they  considered  identical  with  that  of  albumin 
coagulated  with  ultra-violet.  The  use  of  the  ultramicroscope  for  the 
colloidal  study  of  protoplasm  is  rather  unsatisfactory  (cf.  Heilbrunn, 
136,  pages  38  to  39),  so  that  the  results  of  Cernovodeanu  and  Henri  are 
not  very  convincing.  Addoms  (1)  likewise  employed  the  ultramicroscope 
to  examine  the  protoplasm  of  wheat  seedlings  following  irradiation  with 
a  mercury-vapor  lamp.     She  also  concluded  that  coagulation  occurred. 

In  the  course  of  some  embryological  studies,  Schleip  (330),  among 
others,  described  effects  on  the  protoplasm  of  Ascaris  eggs  which  indicate 
a  sharp  increase  in  viscosity  following  irradiation  with  X2800  A  from  a 
magnesium  arc.  Ruppert  irradiated  centrifuged  eggs  and  determined 
the  time  necessary  for  the  return  of  the  granules  which  had  been  moved  to 
one  side  of  the  cell.  The  time  necessary  for  this  return  is  much  longer 
than  the  time  required  in  the  case  of  normal  untreated  eggs.  Inasmuch 
as  the  return  is  almost  certainly  due  to  Brownian  movement,  there  is 
rather  clear  evidence  of  an  increase  in  viscosity. 

Gibbs  (118)  used  a  mercury-vapor  arc  (X3126  to  2378  A)  on  Spirogyra 
cells  and  found  that  the  rays  caused  first  a  liquefaction  and  then  a 
coagulation  of  the  protoplasm.  He  used  the  centrifuge  method,  which  is 
apparently  appUcable  to  these  cells  (Heilbrunn,  136,  pages  47  to  48). 
The  results  are  clear-cut,  although  not  expressed  in  quantitative  units. 
Table  4  taken  from  Gibbs  shows  the  decrease  in  protoplasmic  viscosity 
caused  by  relatively  short  exposvires. 

Table  4. — Effect  of  Ultra-violet  Light  on  Spirogyra  Protoplasm 

(Gibbs,  118) 


Time  of  centri- 
fuging,  sec. 


45 
60 

75 


Cells  exposed  to 

unscreened  arc  for 

30  min. 


Slight  displacement 
Marked  displacement 
in  some  cells 
Marked  displacement 


Cells  exposed  to 
arc  screened  with 
"Noviol  O"  glass 


Normal 
Normal 

Very     slight     dis- 
placement 


Cells  not  exposed 


Normal 
Practically  normal 

Very      slight      dis- 
placement 


Results  somewhat  similar  to  those  of  Gibbs  were  obtained  by  Heil- 
brunn and  Young  (138)  for  Arbacia  eggs.  In  their  experiments,  how- 
ever, they  treated  the  cells  first  and  then  noted  the  viscosity  at  varying 
times  after  exposure.  The  centrifuge  method  was  used,  and  the  eggs 
in  a  thin  layer  were  exposed  to  the  radiation  for  1  min.  Two  minutes 
later,  the  protoplasmic  viscosity  was  found  to  have  dropped  to  about 
two-thirds  of  its  original  value.     Then,  after  15  min.,  it  rose  to  3  or  4 


IRRADIATION  OF  LIVING  PROTOPLASM 


647 


times  its  original  value.  The  increase  in  viscosity  begins  at  the  cortex 
and  travels  inward.  The  values  given  above  apply  only  to  the  central 
region  of  the  cell. 

Sea-urchin  eggs  respond  to  ultra-violet  radiation  by  lifting  off  their 
outer  membrane  in  a  reaction  characteristic  of  the  fertilization  process 
(236,  237).  However,  such  a  response  does  not  occur  (138)  if  the  calcium 
is  first  removed  by  the  addition  of  the  oxalate  ion.  It  has  been  found  (11) 
that  muscle  does  not  show  a  contracture  response  upon  stimulation  with 
ultra-violet  unless  calcium  ions  are  present.  Apparently,  therefore,  the 
calcium  ion  plays  a  role  in  the  effect  of  ultra-violet  on  protoplasm. 
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Fig.  2. — Viscosity  of  the  plasmasol  of  Amoeba  dubia  at  varying  times  after  ultra-violet 
irradiation.      {After  Heilbrunn  and  Daugherty,  137.) 


This  importance  of  calcium  is  more  clearly  indicated  by  the  work  of 
Heilbrunn  and  Daugherty  (137)  on  Amoeba.  These  authors  irradiated 
amoebae  with  a  Hanovia  mercury-vapor  lamp.  By  using  two  species  of 
amoebae,  they  were  able  to  determine  viscosity  change  both  in  the  main 
mass  of  the  protoplasm  and  also  in  the  outer  gelatinous  envelope  or 
plasmagel.  The  main  mass  of  the  protoplasm  (plasmasol)  is  first  made 
more  fluid  and  then  more  viscous  by  ultra-violet.  The  effect  of  various 
doses  is  shown  in  Fig.  2.  An  exposure  of  5  sec.  produced  no  change, 
while  10  sec.  caused  a  transient  liquefaction.  Longer  exposures  caused 
liquefaction  followed  by  a  pronounced  stiffening  of  the  protoplasm. 
The  fluid  stage  lasted  only  1  to  2  min.  The  gelating  effect  of  ultra-violet 
could  be  completely  inhibited  by  immersion  in  sodium  or  ammonium 
oxalate  solution.     In   the   oxalate   the   viscosity   increases   somewhat 
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(owing  to  the  replacement  of  calcium  by  sodium  ion),  but  there  is  no 
further  increase  upon  radiation.  Apparently,  therefore,  the  observed 
gelation  is  dependent  on  the  presence  of  the  free  calcium  ion. 

Whereas  the  interior  protoplasm  or  plasmasol  is  gelled  by  ultra-violet, 
the  outer  cortex  becomes  more  fluid.  As  far  as  can  be  judged  from 
centrifuge  tests  (which  in  the  case  of  an  outer  ring  of  material  of  variable 
width  are  not  very  accurate)  the  viscosity  of  the  plasmagel  decreases  to 
about  one-fourth  of  its  original  value.  This  liquefaction  of  the  plasmagel 
is  a  characteristic  effect  produced  by  all  sorts  of  stimulating  agents.  The 
same  effect  can  be  produced  by  the  withdrawal  of  the  calcium  ion. 

Heilbrunn  and  Daugherty  therefore  propose  the  theory  that  the 
primary  effect  of  irradiation  is  the  release  of  bound  calcium  from  the  cell 
cortex.  The  free  calcium  ion  then  enters  the  protoplasm  proper,  causing 
first  liquefaction  and  then  gelation.  Such  indeed  is  the  known  action 
of  calcium  ion  on  protoplasm,  for  a  small  addition  of  calcium  ion  produces 
hquefaction,  whereas  larger  amounts  of  free  calcium  cause  a  peculiar 
coagulative  reaction  (136). 

The  theory  of  Heilbrunn  and  Daugherty  is  supported  by  the  fact 
that  irradiation  actually  does  cause  a  release  of  calcium  both  from 
living  cells  and  from  proteins.  Thus  Nadson  and  Rochline-Gleichgewicht 
(269)  report  the  formation  of  calcium  oxalate  in  irradiated  plant  cells, 
and  Clark  (63)  claims  that  ultra-violet  releases  calcium  from  combination 
with  the  proteins  of  the  blood.  Finally  the  recent  work  of  Anslow  and 
Foster  (7)  and  of  Anslow,  Foster,  and  Klingler  (8)  shows  clearly  how 
ultra-violet  radiation  would  act  on  the  amino  acid  constituents  of  pro- 
teins so  as  to  release  bound  cation  from  combination.  These  authors 
find  that  the  rays  break  the  carboxyl  bond  of  the  amino  acid. 

The  relation  of  calcium  ion  to  the  colloidal  chemistry  of  protoplasm 
is  extremely  interesting.  This  ion  apparently  bears  the  same  relation 
to  the  protoplasmic  colloid  that  it  does  to  the  blood.  The  coagulation 
of  protoplasm  is  remarkably  similar  to  the  clotting  of  blood  (136),  and 
it  is  only  reasonable  to  assume  that  this  would  be  true,  for  cells  in  general 
are  now  known  to  contain  all  the  materials  involved  in  blood  clotting 
(100,  200,  201). 

When  a  cell  is  torn,  the  exuding  protoplasm  forms  a  film  about  itself. 
Thus  it  clots  just  as  blood  does  when  it  pours  from  a  vessel.  The 
reaction  involved  is  termed  the  surface  precipitation  reaction  and  takes 
place  only  in  the  presence  of  free  calcium.  When  a  cell  like  a  sea-urchin 
egg  is  torn  or  broken,  not  only  does  a  film  form  at  the  edge  of  the  emerging 
droplet,  but  numerous  other  films  form  within  the  droplet.  Thus 
vacuoles  are  produced,  and  these  vacuoles  may  occupy  a  part  or  all  of  the 
exuded  drop  or  they  may  fill  the  entire  cell.  But  neither  the  membrane 
at  the  surface  of  the  emerging  drop  nor  the  vacuoles  can  appear  in  the 
absence  of  calcium.     Hence  calcium  is  involved  in  a  soecies  of  reaction 
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within  the  cell,  the  most  characteristic  feature  of  which  is  the  appearance 
of  numerous  small  vacuoles. 

It  is  interesting  to  point  out  that  ultra-violet  radiation  does  cause  a 
vacuolization  reaction  in  diverse  types  of  living  systems,  and  as  a  matter 
of  fact,  vacuolization  has  constantly  been  described  following  all  types  of 
radiation.  An  early  observation  is  that  of  Ogneff  (279).  Upon  exposing 
experimental  animals  to  a  powerful  carbon  arc  and  studying  the  eyes 
cytologically,  he  noticed  various  necrotic  changes  in  the  cells  of  the 
corneal  epithelium,  chief  among  these  being  the  gradual  filling  of  the  cell 
with  small  vacuoles  ("Kiigelchen")  which  seemed  to  appear  first  near  the 
nucleus.  (These  effects  may,  however,  have  been  due  to  infra-red,  156, 
377.)     Schulze  (337)  irradiated  Rhoeo  (  =  Tradescantia)  hair  cells,  using 

o 

X2800  A.  He  describes  as  the  first  and  most  pronounced  effect  of  the 
radiation  the  appearance  of  many  small  vacuoles  in  the  cytoplasm. 
As  irradiation  continued,  these  increased  in  size  and  number. 

Bovie  (34,  page  14)  has  described  vacuolization  in  amoeba  protoplasm. 
Thus  he  says  that  following  treatment  of  an  amoeba  with  Schumann 
rays,  "Under  a  high  magnification  (2200  diameters)  the  protoplasm  was 
seen  to  be  filled  with  fine  vacuoles  which  were  so  numerous  that  it  was 
converted  into  a  fine  froth." 

The  protoplasm  of  sea-urchin  eggs  is  especially  interesting  because 
these  cells  have  been  used  more  than  any  others  in  physical  and  colloidal 
studies  of  living  substance.  Upon  excessive  stimulation,  the  protoplasm 
of  Arbacia  eggs  undergoes  a  violent  transformation.  Red  pigment 
granules  disappear,  and  numerous  vacuoles  fill  the  cell.  Typically  there 
is  a  marked  increase  in  cell  volume.  The  reaction  is  identical  with 
that  which  occurs  when  a  cell  is  violently  torn  or  broken  (see  above). 
The  vacuolization  of  sea-urchin  eggs  was  noted  by  early  workers,  but 
its  importance  was  first  emphasized  by  Loeb  (241)  who  referred  to  it  as 
cytolysis.  Ultra-violet  rays  cause  a  very  complete  cytolysis  of  sea- 
urchin  eggs  (133,  236,  356). 

A  characteristic  type  of  cytolysis  in  Paramecium  has  been  described 
by  Hertel  (142)  in  an  interesting  early  paper.  Other  descriptions  of 
cytolysis  in  Paramecium  include  Thomaschewski  (359),  Cernovodeanu 
and  Henri  (57),  Bovie  (33,  34),  Burge  (53),  Bovie  and  Daland  (38), 
Rentschler  (313),  and  Troisi  (360).  These  different  authors  stressed 
various  morphological  appearances,  but  the  picture  as  a  whole  is  quite 
consistent.  Hertel  noted  especially  the  lifting  off  of  the  pellicle  here  and 
there  on  the  surface  of  the  animal  and  its  frequent  rupture.  This  may 
be  related  to  the  liquefaction  of  the  cortical  protoplasm  of  Amoeba,  as 
described  by  Heilbrunn  and  Daugherty  (137). 

In  review,  it  may  be  stated  with  some  degree  of  confidence  that 
ultra-violet  rays  cause  first  a  liquefaction  of  the  main  mass  of  the  proto- 
plasm and  then  a  pronounced  stiffening.     The  liquefaction  of  the  cell 
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interior  may  be  transitory,  so  that  one  is  likely  to  overlook  it  unless 
viscosity  determinations  are  made  immediately  after  the  rays  begin  to 
have  effect.  In  the  cortex  of  Amoeba,  the  rays  cause  a  liquefaction  which 
persists.  This  liquefaction  of  the  cortex  probably  also  involves  a 
weakening  of  the  very  outer  surface  of  the  cell;  hence  the  frequent 
descriptions,  in  the  literature,  of  cell-membrane  rupture  following 
irradiation.  The  liquefaction  of  the  cortex  is  apparently  due  to  a  release 
of  calcium.  In  view  of  the  fact  that  calcium  is  apparently  the  ion  most 
important  in  preserving  the  semipermeability  of  cell  membranes  (cf. 
Lucke  and  McCutcheon,  244)  and  may  very  well  enter  into  the  substance 
of  the  plasma  membrane,  it  is  easy  to  understand  why  ultra-violet  radia- 
tion (and  indeed  radiation  in  general)  should  increase  the  permeability 
of  the  cell. 

If  calcium  is  released  from  the  cortex — and  there  are  various  indica- 
tions in  favor  of  this  view — it  would  diffuse  into  the  cell  interior  and 
cause  first  liquefaction,  and  then  if  enough  of  it  were  present,  coagulation. 
Excess  of  free  calcium  in  the  cell  interior  causes  the  vacuolization  reaction 
so  common  in  all  types  of  protoplasm  (Heilbrunn,  136).  This  vacuoliza- 
tion reaction,  as  noted  above,  may  be  compared  to  the  clotting  of  blood. 

Thus  we  have  a  mechanism  of  extreme  delicacy,  one  that  can  account 
for  the  radical  colloidal  changes  observed,  without  recourse  either  to  the 
insensitive  process  of  ordinary  coagulation  or  to  a  purely  hypothetical 
mechanism  such  as  special  enzyme  effects  or  point-heat  effects.  This 
reaction  accounts  for  (though  it  does  not  explain)  the  morphological 
concomitants  of  radiation  effects,  and  for  the  fact  that  the  stimulating 
and  injurious  effects  of  rays  in  protoplasm  are  essentially  the  same  as  the 
effects  of  other  effective  physical  and  chemical  agents.  Presumably 
the  protoplasmic  clotting,  like  the  blood  clotting,  involves  complicated 
phenomena,  and  apparently  thrombin-like  substances  are  produced. 
Just  as  when  blood  clots,  it  produces  substances  which  affect  unaltered 
blood,  so  when  the  protoplasm  of  one  cell  clots,  it  may  give  off  substances 
which  affect  neighboring  cells.  It  is  thus  possible  to  interpret  the 
necrohormone  hypothesis  which  is  popular  with  many  radiologists 
(Caspari,  55). 

ROENTGEN    RAYS    AND    RADIUM 

As  far  as  present-day  information  goes,  the  effects  of  roentgen  rays 
and  of  radium  radiation  on  the  colloids  of  the  cell  are  in  all  respects 
essentially  the  same  as  those  described  for  ultra-violet.  Exactly  the 
same  cycle  of  viscosity  change  appears,  and  the  coagulated  protoplasm 
presents  the  same  morphological  appearance.  Beyond  much  doubt  the 
fundamental  mechanism  is  identical.  Indeed  the  more  one  studies  the 
colloid  chemistry  of  protoplasm,  the  more  apparent  it  becomes  that 
the  protoplasmic  colloid  is  so  constituted  as  to  be  sensitive  to  various 
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types  of  external  agents  and  to  respond  to  many  diverse  treatments  in 
much  the  same  manner. 

In  general,  most  authors  are  agreed  that  roentgen  rays  and  radium 
radiation  cause  first  a  decrease  in  viscosity  and  then,  on  longer  exposure, 
a  sharp  increase  in  viscosity  or  coagulation.  As  early  as  1897,  Lopriore 
found  that  roentgen  rays  caused  an  increase  in  the  rate  of  protoplasmic 
streaming  in  leaf  cells  of  Vallisneria  spiralis.  This  was  when  the  leaves 
were  exposed  for  half  an  hour.  After  an  hour's  exposure,  streaming 
stopped  and  the  protoplasm  became  yellow,  granular,  and  coarsely 
vacuolar.  Seckt  (340)  found  similar  effects  of  roentgen  rays  on  proto- 
plasmic streaming  in  various  plant  cells,  and  the  same  type  of  phenomenon 
has  also  been  described  for  two  species  of  Amoeba  (Schaudinn,  328). 

Using  radium,  Zuelzer  and  Philipp  (401),  and  more  recently  Petchenko 
(286),  also  described  changes  in  the  rate  of  amoeboid  movement.  The 
former  authors  used  gamma  and  hard  beta  rays  from  preparations  con- 
taining 40,  26,  15,  and  13  mg.  of  radium,  upon  Amoeba  diploidea,  the 
latter  studied  Amoeba  vahlkamyfia  with  5  and  10  mg.  RaBr2.  These 
studies  agree ;  there  is  first  a  pronounced  acceleration  of  the  rate  of  stream- 
ing, indicating,  according  to  Zuelzer  and  Philipp,  a  decreased  viscosity. 
With  prolonged  irradiation,  movement  becomes  much  slower  than  the 
normal,  the  amoebae  round  up  and  become  full  of  small  vacuoles.  These 
experiments  indicate  an  initial  decrease  in  viscosity  followed  by  a  sharp 
increase,  but  it  must  be  remembered  that  the  rate  of  protoplasmic 
streaming  or  of  amoeboid  movement  is  an  uncertain  index  of  protoplasmic 
viscosity.  For  the  speed  of  movement  depends  not  only  on  the  viscosity 
but  also  on  the  unknown  forces  which  pTropel  the  protoplasm. 

In  relatively  recent  years,  more  certain  methods  of  viscosity  deter- 
mination have  been  used.  Weber  (386)  radiated  Spirogyra  cells  with 
170  Holzknecht  units  but  found  no  effect  on  viscosity  when  tested  by  the 
centrifuge  method.  After  20  hr.,  it  is  true,  there  was  a  viscosity  increase, 
but  this  W^eber  interpreted  as  a  secondary  effect.  Weber  also  radiated 
Phaseolus  seedlings  with  24  Holzknecht  units,  but  he  could  detect  no 
viscosity  change.  Doubtless  the  dosage  used  by  Weber  was  too  low  for 
the  types  of  protoplasm  he  studied. 

Williams  (1923)  was  able  to  find  a  very  definite  effect  on  the  proto- 
plasm of  the  stalk  cells  of  Saxifraga  umbrosa.  Short  exposures  to  either 
roentgen  rays  or  to  radium  beta  or  gamma  rays  caused  an  increase  in  the 
rate  of  protoplasmic  streaming  and  also  an  increase  in  the  rate  of  Brown- 
ian  movement  of  small  particles  in  the  protoplasm.  Longer  exposures 
caused  slowing  and  stoppage  of  streaming.  Following  such  long  expo- 
sures there  was  extensive  vacuolization. 

Nakashima  (272)  irradiated  isolated  cells  from  the  salivary  glands 
of  the  snail  Limnaea  (40  kv.,  10  ma.,  6  hr.,  30  cm.)  and  observed  an 
acceleration  of  Brownian  movement  in  the  protoplasmic  granules.     But 
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he  also  observed  a  diminution  of  granular  size  and  to  this,  rather  than  to 
lowered  viscosity,  he  attributes  the  change  in  Brownian  movement. 
With  Amoeba  rostock,  he  likewise  found  increased  Brownian  movement. 
Forbes  and  Thacher  (102)  treated  the  eggs  of  an  annelid,  Nereis, 
with  beta  rays  of  radium.  They  then  fertilized  the  eggs  and  centrifuged 
them.  Irradiated  eggs  showed  somewhat  less  viscosity  than  controls. 
It  may  be  noted  that  the  centrifuge  method  is  an  excellent  check  on  the 
Brownian  movement  method  of  determining  viscosity,  and  vice  versa, 
for  if  protoplasmic  granules  decrease  in  diameter,  their  Brownian  move- 
ment would  be  accelerated,  whereas  their  movement  under  the  influence 
of  centrifugal  force  would  be  greatly  retarded. 
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Fig.  3. — The  effect  of  mild  radium  treatment  on  the  viscosity  of  cells  of  Spirogyra 
varians.  {After  Feichtinger,  197.)  (a)  Control  cells.  No  displacement  of  chromato- 
phores  by  centrifuging.  (6)  Cells  exposed  to  beta  and  gamma  rays  from  RaBr2  prepara- 
tion of  4  mg.  radium  equivalents.  Chromatophores  almost  completely  displaced  by  same 
centrifuge  treatment  as  used  on  control  (3a).  (c)  Cells  treated  with  alpha  rays  from 
polonium  preparation  of  0.33  mg.  radium  equivalents.  Same  time  of  centrifuging  as 
in  3  a,  h. 

Rochlin-Gleichgewicht  (317)  exposed  cells  of  Elodea  and  Ptery- 
gophyllum  to  radium  emanation  and  found  first  an  increase  in  rate  of 
streaming  and  then  a  decrease.  The  results  were  interpreted  as  indicat- 
ing first  a  decrease  of  protoplasmic  viscosity,  and  then  after  longer  or 
stronger  dosage,  an  increase.  The  work  of  Rochlin-Gleichgewicht  is 
of  considerable  interest  and  will  be  discussed  further  below. 

Feichtinger  (97)  centrifuged  Spirogyra  cells  following  exposure  to 
alpha,  beta,  and  gamma  rays.  A  number  of  polonium  preparations 
were  used  as  a  source  of  alpha  rays;  an  amount  of  RaBr2  considered 
equivalent  in  activity  to  4  mg.  of  element  was  used  in  experiments  with 
beta  and  gamma  rays.  Weak  radiation  caused  a  liquefaction  of  proto- 
plasm, further  exposure  an  increase  in  viscosity,  and  finally  a  coagulation 
(compare  Figs.  3  and  4) ;  Feichtinger  used  two  species  of  Spirogyra. 
In  the  smaller,  the  alpha  particles  penetrated  the  whole  cell,  whereas  in 
the  larger  species  they  penetrated  only  one-fifth  of  the  diameter.  In 
these  larger  cells,  the  effect  seems  to  be  propagated,  for  the  result  is 
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uniform  throughout  the  cell.  However,  in  the  application  of  the  centri- 
fuge method  to  Spirogyra  cells,  it  must  be  remembered  that  the  movement 
of  chromatophores  presumably  depends  on  the  viscosity  of  the  layer  of 
protoplasm  directly  adjacent  to  the  cell  wall  (cf.  Heilbrunn,  136,  page? 
47,  48). 

From  the  above,  it  may  be  concluded  that  although  the  number  of 
workers  is  not  great,  their  results  are  thoroughly  consistent.  The  effect 
of  radiation  whether  of  roentgen  rays,  alpha,  beta,  or  gamma  rays,  is  to 
cause  first  a  liquefaction,  then  a  stiffening  or  coagulation.  This  is 
evidenced  by  the  data  on  rate  of  protoplasmic  streaming  and  more 
certainly  by  direct  study  of  viscosity  with  either  Brownian  movement  or 
centrifuge  methods. 


Fig.  4. — The  effect  of  severe  radium  treatment  on  the  viscosity  of  cells  of  Spirogyra 
ellipsispora.  (a)  Control  cells.  Chromatophores  displaced  by  centrifuging.  (b)  Cells 
exposed  to  beta  and  gamma  rays  from  RaBr2  preparation  of  50  mg.  radium  equivalents. 
Chromatophores  not  displaced  by  same  centrifuge  treatment  as  used  on  controls. 

The  final  effect  of  radiation  is  to  cause  a  coagulation.  All  authors 
are  agreed  on  this  except  Jansson  (177)  who  found  increased  Brownian 
movement  in  leucocytes  following  death.  It  is  possible  that  Jansson 
may  have  observed  movement  of  particles  in  vacuoles,  and  it  should  also 
be  noted  that  an  increase  in  the  volume  of  the  cell  such  as  Jansson 
observed  would  favor  increased  amplitude  of  Brownian  movement. 

The  coagulation  produced  by  roentgen  rays  or  radium  resembles  that 
produced  by  ultra-violet  rays,  in  that  numerous  vacuoles  are  typically 
produced.  Numerous  authors  have  described  vacuolization  phenomena. 
These  include  Nadson  and  Rochlin  (269)  on  onion  scale  cells,  Jansson 
(177)  on  myelocytes,  Schubert  (336)  on  chick-heart  cells  in  tissue  cultures, 
Johnson  (180)  and  Komura  (193)  on  plant  cells,  also  Rochlin-Gleich- 
gewicht  on  plant  material,  Gassoul  (112,  113)  on  explants  of  frog  spleen, 
etc.     For  other  references  see  Table  5. 

It  seems  certain  that  roentgen  rays  and  radium  act  in  the  same  manner 
as  ultra-violet  rays  (cf.  Nadson  and  Stern,  271),  and  it  is  only  logical 
to  assume  that  any  explanation  which  holds  good  for  ultra-violet  would 
also  apply  to  these  other  types  of  radiation. 

In  this  connection  we  should  like  to  emphasize  the  interesting  work 
of  Rochlin-Gleichgewicht  on  the  leaf  cells  of  Elodea  and  Pterygophyllum. 
In  this  work  a  fine  emanation  needle  was  placed  transversely  across  the 
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cells  so  that  different  regions  were  at  varying  distances  from  the  source. 
Exposures  of  1  mc.  and  higher  showed  the  following  picture:  Directly 
beneath  the  needle  was  a  zone  of  necrosis  in  which  cells  were  vacuolated 
and  apparently  coagulated  and  in  which  calcium  oxalate  crystals  could 
be  clearly  distinguished.  Beyond  this,  calcium  oxalate  crystals  also 
appeared  in  a  so-called  transition  zone  in  which  the  protoplasm  was 
swollen  and  streaming  movement  had  stopped.  Farther  still  from  the 
needle  was  a  zone  in  which  the  protoplasm  looked  normal  but  streaming 
was  accelerated.  Beyond  this  the  cells  were  normal.  With  lower  doses 
(0.08  to  0.3  mc),  only  the  region  beneath  the  needle  is  affected  and  this 
shows  increased  streaming.  All  the  results  were  ascribed  to  the  softer 
beta  rays.  Rochlin-Gleichgewicht  attempts  to  interpret  the  results 
in  terms  of  conventional  colloid  chemistry.  The  first  effect  of  radiation 
is  to  increase  the  degree  of  dispersion  and  thus  the  protoplasmic  viscosity 
is  lowered.  Then  there  is  an  increased  swelling  of  cytoplasmic  colloids 
which  leads  to  an  increase  in  viscosity;  at  this  stage  calcium  oxalate 
crystals  appear.  Finally  denaturation  leads  to  dehydration,  and  this  to 
vacuolization.  To  us  this  formal  explanation  does  not  seem  so  satis- 
factory as  the  scheme  outlined  in  the  last  section  to  explain  the  effects  of 
ultra-violet  radiation.  The  results  of  Rochlin-Gleichgewicht  fit  in 
beautifully  with  this  scheme. 

It  has  been  shown  that  roentgen  rays  and  radium,  like  ultra-violet, 
commonly  produce  a  vacuolization  of  the  protoplasm.  Such  a  vacuoliza- 
tion reaction  is  found  not  only  after  radiation  but  occurs  in  all  types  of 
protoplasm  following  the  most  diverse  treatments ;  it  is  perhaps  the  most 
distinctive  characteristic  of  living  substance.  The  importance  of  the 
reaction  was  thoroughly  emphasized  by  Heilbrunn  (136)  who  regards  it  as 
a  specific  colloid  chemical  reaction  peculiar  to  living  systems.  The 
relation  of  the  reaction  to  calcium  and  the  surface  precipitation  reaction 
has  already  been  pointed  out.  In  Arhacia  (sea  urchin)  egg  protoplasm, 
both  vacuolization  and  surface  precipitation  reactions  are  preceded  by  a 
breakdown  of  granular  elements,  and  this  breakdown  is  apparently 
related  causally  to  both  types  of  reaction.  In  particular,  the  red  pigment 
granules  of  the  Arhacia  egg  disappear.  These  red  granules  show  all  the 
reactions  of  mitochondria  and  may  be  considered  as  such.  It  is  not 
surprising  therefore  to  note  that  various  cytologists  have  found  that 
radiation  has  a  destructive  effect  on  mitochondria  and  other  formed 
elements  of  the  cytoplasm  (cf.  168,  270,  379,  380).  Such  a  breakdown  of 
mitochondria,  granules,  etc.,  may  well  represent  a  first  stage  in  the  clot- 
ting or  vacuolization  process. 

The  vacuolization  reaction  as  it  occurs  in  many  types  of  protoplasm 
is  but  little  understood.  Relatively  few  workers  have  examined  it 
experimentally.  Doubtless  it  is  a  very  complicated  reaction,  or  series  of 
reactions,  and  presumably,  in  its  early  stages  at  Least,  it  involves  counter- 
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reactions  which  tend  to  bring  the  protoplasm  back  to  normal.     Perhaps, 
too,  various  types  of  vacuoles  may  be  formed. 

In  the  discussion  of  the  effects  of  ultra-violet  radiation,  evidence  was 
presented  to  show  that  the  initial  effect  of  the  ultra-violet  rays  was  to 
cause  a  release  of  calcium  from  the  cortex  of  the  cell.  Stvidents  of  roent- 
gen rays  and  radium  have  demonstrated  a  release  of  calcium  from  the 
cell  by  chemical  means.  The  work  of  Rochlin-Gleichgewicht  (317)  has 
already  been  noted.  Adler  and  Wiederhold  (3)  find  that  following 
exposure  to  roentgen  rays  (1000  to  5000  r),  the  calcium  content  of  the 
skin  of  rabbits  may  decrease  as  much  as  57  per  cent.  Apparently  there 
is  an  escape  from  other  tissues  as  well  as  the  skin,  and  Benassi  (21)  found 
an  increase  in  blood  calcium  after  exposure  of  rabbits  to  X-rays  (cf.  6, 
323).  However,  Kroetz  (203)  and  Adler  and  Wiederhold  (3)  find  a 
decrease  in  serum  calcium  following  irradiation.  The  divergence  is 
doubtless  due  to  the  fact  that  following  X-ray  treatment  there  is  a  huge 
increase  in  calcium  eliminated  from  the  body  (K.  and  M.  Adler,  2a). 
These  authors  conclude  that  the  tissues  must  give  off  calcium  following 
irradiation.  That  this  release  is  from  the  cell  cortex  is  indicated  by 
the  fact  that  there  is  apparently  an  increase  in  permeability  following 
treatment  with  roentgen  rays  or  radium  (see  section  of  this  paper  on 
Permeability),  and  also  by  the  fact  that  following  radiation,  there  is 
a  general  weakening  of  the  outer  membrane  of  the  cell.  Various  authors 
describe  rupture  of  the  cell  membrane  following  treatment  with  roentgen 
rays  or  radium,  in  Pelomyxa  (399)  and  in  yeast  cells,  both  following 
radium  treatment  (266),  and  in  bacteria  after  exposure  to  X-rays  (181). 
As  in  the  case  of  ultra-violet  rays,  we  assume  this  weakening  of  the 
cortex  or  membrane  of  the  cell  to  be  associated  with  a  loss  of  calcium, 
although  other  factors,  such  as  an  accumulation  of  fluid  beneath  the 
membrane,  or  a  general  increase  in  cell  volume  (Nadson,  265,  266)  may 
also  play  a  role. 

In  our  attempt  to  find  a  general  scheme  which  will  explain  the  effects  of 
all  types  of  radiation  on  protoplasm,  we  have  examined  the  literature  from 
one  angle  rather  than  from  all  sides.  We  have  also  presented  our  theory 
as  though  it  covered  all  the  facts.  This  it  can  scarcely  do.  Protoplasm 
is  extremely  complex,  both  from  a  chemical  and  from  a  colloid  chemical 
standpoint.  The  effects  of  radiation  cannot  be  fitted  into  too  simple  a 
picture. 

One  of  the  most  interesting  observations  we  have  not  as  yet  con- 
sidered is  that  of  Nadson  (266).  He  found  that  radium  caused  an 
increase  in  the  number  and  size  of  fat  droplets  in  exposed  yeast  cells. 
The  same  changes  are  produced  by  roentgen  rays  and  by  ultra-violet 
(Nadson  and  Stern,  271).  Rochlin-Gleichgewicht  also  states  that  the 
final  effect  of  radium  emanation  on  cells  of  Elodea  and  Pterygophyllum 
is  to  cause  a  breakdown  of  protoplasmic  fat  protein  combinations  into 
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fat  and  protein.  Petchenko  (286)  also  finds  an  increase  in  fat  in  Amoeba 
vahlkampjia  after  prolonged  treatment  with  5  or  10  mg.  RaBr2.  The 
fat  was  demonstrated  in  fixed  preparations. 

Some  authors  have  attempted  to  show  that  the  pH  of  the  cell  changes 
following  irradiation.  Hoffmann  (153)  found  that  the  ciUate  Opalina 
when  stained  with  neutral  red  seemed  to  become  more  alkaline  after 
treatment  with  roentgen  rays.  A  similar  observation  had  been  made  by 
Tschachotin  (364)  for  sea-urchin  eggs,  and  for  frog  and  bird  erythrocytes 
exposed  to  ultra-violet  radiation.  Lisse  and  Tittsler  (240)  also  found 
an  increase  in  the  pH  of  bacterial  suspensions  after  exposure  to  ultra- 
violet. Liechti  (234)  measured  potentiometrically  the  subcutaneous  pH 
of  rabbits  treated  with  roentgen  rays  (1.5  to  4.0  H.E.D.).  He  found 
a  slight  decrease  in  pH,  and  he  also  obtained  the  same  result  with  a 
human  patient  given  1  H.E.D.  Magath  (249)  hkewise  found  a  decrease 
in  tissue  pH  following  exposure  to  roentgen  rays.  He  studied  the  effect 
of  4  to  5  H.E.D.  on  chick  embryos  and  mouse  tumors,  using  both  the 
quinhydrone  electrode  and  colorimetric  tests.  When  the  chick  embryos 
were  treated  in  ovo,  the  skin  mesenchyme  and  muscle  showed  a  decrease 
in  pH,  but  not  the  liver  or  brain.  Neither  was  there  any  effect  on  mouse 
liver  or  mouse  cancer.  All  in  all,  the  effect  of  radiation  on  cellular  pH  is 
not  well  established,  so  that  no  certain  conclusion  can  be  drawn  from  the 
statements  in  the  literature. 

CONCLUSION 

It  scarcely  seems  possible  to  summarize  all  the  results  we  have 
considered  in  any  brief  final  statement.  The  following  points  have  been 
selected  because  they  seem  to  be  reasonably  certain  and  because  they 
fit  into  an  orderly  scheme. 

a.  All  types  of  radiation  have  the  same  general  effect. 

6.  In  spite  of  the  uncertainty  of  permeability  determinations  and  in 
spite  of  the  fact  that  the  more  modern  and  the  preferable  methods  of 
permeability  study  have  been  but  httle  used  in  investigating  the  effect 
of  radiation,  the  preponderance  of  opinion  is  rather  strongly  in  favor  of 
the  view  that  radiation  causes  a  substantial  increase  in  permeability. 
This  increase  is  caused  by  all  types  of  radiation  from  visible  light  to 
gamma  rays. 

c.  There  is  essential  agreement  among  all  those  who  have  attempted  a 
study  of  protoplasmic  viscosity  of  irradiated  cells.  In  both  plant  and 
animal  cells,  ultra-violet  radiation,  roentgen  rays,  and  radium  all  cause 
first  a  liquefaction  of  the  main  mass  of  the  protoplasm  and  then,  with 
increase  in  exposure,  a  coagulation. 

d.  The  coagulation  produced  by  radiation  is  frequently  evidenced 
morphologically  by  the  appearance  of  vacuoles  within  the  cell.  Numer- 
ous authors  have  described  vacuohzation.     Table  5  has  been  prepared 
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to  illustrate  this  point.  The  significance  of  the  vacuolization  reaction,  its 
similarity  to  blood  clotting,  and  its  relation  to  calcium  are  discussed  in 
the  main  body  of  this  paper. 

T.^LE  5. — A  Partial  List  of  Descriptions  of  Vacuolization  of  Cells 

AFTER  Irradiation 


Material 


Rav 


Condi- 
tion 


Saccharomj'ces 

Saccharomyces 

Yeast  cells 

Fusarium 

Allium  cepa 

Elodea   and   Pterygophyl 

lum 

Tradescantia 

Vallisneria 

Saxifraga 

Saxifraga 

Crepis  virens 

Vicia  Faba 

Amoeba 

Amoeba  vahlkampfia.  .  .  . 

Coljndinm 

Euplotes 

Am,oeba  diploidea 

Paramecium 

Asterias  egg 

Arbacia  egg 

Leucocytes 

Lymphocytes 

Myelocytes 

Carcinoma 

Nerve  cells 

Chick-heart  explant .... 

Frog-spleen  explant 

Chick-eye  explant 

Choroid  of  eye 

Chick  fibroblasts 

Rat  testis 

Chick  heart  in  culture .  . 
Suprarenal  gland 


Radium 

Ultra-violet 

Radium 

Ultra-violet 

Roentgen 


Radium 

Ultra-violet 

Roentgen 

Roentgen 

Radium 

Radium 

Roentgen 

Schumann 

Radium 

Radium 

Roentgen 

Radium 
Radium 
Ultra-violet 
Ultra-violet 
Ultra-violet 
Roentgen 
Roentgen 
Radium 
Radium 
emanation 
Roentgen 
Roentgen 
Roentgen 
Ultra-violet 
Visible 
Roentgen 
Radium 
Roentgen 


Living 

Living 

Living 

Fixed 

Living 


Living 

Living 

Living 

Living 

Living 

Fixed 

Fixed 

Living 

Living 

Fixed 

Fixed 

Living 

Living 

Living 

Living 

Living 

Fixed 

Living 

Fixed 

Fixed 

Living 

Living 

Living 

Fixed 

Living 

Fixed 

Living 

Fixed 


Author 


Nadson 

Nadson  and  Stern 
Kotzareff  and  Chodat 
Bailey 

Nadson     and     Rochlin- 
Gleichgewicht 

Rochlin-Gleichgewicht 

Schulze 

Lopriore 

Williams 

Williams 

Feichtinger 

Komuro 

Bovie 

Petchenko 

Meldolesi  and  Reverberi 

Brown,    Luck,     Sheets, 

and  Taylor 
Zuelzer  and  Philipp 
Zuelzer 

Lillie  and  Baskervill 
Heilbrunn  and  Young 
Eidenow 

Belot,  Nahen,  Cailliau 
Jansson 
Alter 

Knaffl-Lenz 

Schubert 

Gassul 

Cox 

Ogneff 

Earle 

Adler 

Bisceglie  and  Bucciardi 

Celotti 


Date 


1922,  1925 
1931 
1923 
1932 
1926, 1933 


1930 
1909 
1897 
1923 
1925 
1930 
1925 
1915 
1926 
1930 

1933 
1924 
1905 
1922 
1930 
1930 
1925 
1927 
1919,  1920 

1912,  1913 

1927 

1928 

1931 

1896 

1928 

1932 

1929 

1931 


e.  The  results  on  Amoeba  indicate  that  ultra-violet  radiation  causes  a 
liquefaction  of  the  outer  cortex  or  plasmagel  with  an  apparent  release 
of  calcium.  It  is  believed  that  the  calcium  released  from  the  plasmagel 
diffuses  to  the  interior  of  the  cell  and  causes  the  internal  liquefaction  and 
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ultimate  coagulation  of  the  main  mass  of  the  protoplasm.  Experimental 
evidence  in  favor  of  this  view  is  presented. 

/.  There  is  reason  for  believing  that  the  plasma  membrane  of  the  cell 
is,  in  part  at  least,  a  calcium  gel.  Release  of  calcium  would  presumably 
liquefy  or  weaken  such  a  gel.  Hence  it  is  understandable  that  radiation 
should  break  down  the  cell  membrane.  Moreover,  in  view  of  the  fact 
that  calcium,  more  than  any  other  ion,  is  responsible  for  the  semiper- 
meability  of  the  membrane,  it  is  readily  conceivable  that  release  of 
calcium  from  the  cortex  of  the  cell  or  from  the  membrane  might  cause  the 
permeability  increase  noted  above. 

g.  The  points  brought  out  above  are  in  accord  with  those  observa- 
tions which  show  that  calcium  is  set  free  from  plant  and  animal  tissues 
after  irradiation  with  ultra-violet,  radium,  or  roentgen  ray.  A  similar 
effect  has  been  described  for  proteins  and  it  may  be  interpreted  in  terms 
of  a  known  action  of  rays  on  the  carboxyl  bond  of  amino  acids. 
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